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ABSTRACT: Three linear polyethylenes with branches at every 21st backbone atom have been analyzed by
differential scanning calorimetry (DSC) and quasi-isothermal, temperature-modulated DSC. The branches were
methyl (PE1M), dimethyl (PE2M), and ethyl groups (PE1E). Linear polyethylene (HDPE) and atactic poly-
(octadecyl acrylate) (PODA) were also analyzed. All were compared to a random poly(etbglentene-1) of

similar branch concentration (LLDPE) and poly(4phthaloimidobenzoyldoeicosyleneoxycarbonyl) (PEIM-22).

The HDPE has the highest melting temperature and crystallinity with relatively large contributions of reversing
melting when grown as folded-chain crystals. The precisely branched polyethylenes and copolymers have lower
melting temperatures and heats of fusion. Of the branched samples, PE1M crystallizes more readily, followed by
PE1E and PE2M, with PE2M showing cold crystallization. In contrast to paraffins of equal length which melt
fully reversibly, the precisely designed, branched polymers melt largely irreversibly with small amounts of reversing
melting, which is least for the best-grown crystals. The PE1M forms monoclinic, PE1E, pseudohexagonal, or
triclinic crystals, and PE2M has a multitude of crystal structures.

1. Introduction O(—CH,)17—CHs;, and an HDPE, identical to a previously
widely studied sample;;” have been newly analyzed. The earlier
analyzed metallocene-catalyzed copolymers with 1-octene,
LLDPE, with a similar branch concentrations were used as a

ethylenes, PEs, the most studied flexible, linear macromolecules,mOdel compound$;*® and poly(4,4—ph_tha|o|m|dobenzoyldo-
can be described as follows: PM, polymethylene, a pure high- €icosyleneoxycarbonyl), PEIM-22, with (GH)22 sequences
molar-mass polymer made from diazomethane: HDPE, a high- Was used for comparison in the Dlsc_uss!on. The structures of
density PE with few long-chain branches, produced at low fivé of these compounds are shown in Figure 1.
ethylene pressure by cationic or coordination polymerization; A large number of thermal analyses on melting and crystal-
LDPE, a low-density PE made at high ethylene pressure via lization of the various PEs can be found in the literature. The
free-radical processes and containing mainly short, randomfirst adiabatic calorimetry on LDPE of 5665% crystallinity:!
branches of four and five carbon atoms; and LLDPE, a linear- and HDPE of 83 and 93% crystallini&was done about 50
low-density PE, which is made by copolymerization with years ago. Since then, the glass transitiby 237 K, AC, =
monomers such as 1-octene, 1-hexene, or 1-butene. The random.5 J K mol~1),13 equilibrium melting of orthorhombic PE
LLDPE copolymer, when made by multiple-site, heterogeneous (T,° = 414.6 K, AH; = 4.11 kJ mot1),24 and thermodynamic
coordination catalysts, has a wide variations in copolymer functionsCy, H, S, andG for crystalline, liquid, and glassy PE
content between the molecufeddore modern LLDPEs are  were established, based on over 100 measurements made in
produced by single-site, homogeneous metallocene catalysts andjifferent laboratorie4® The link of the thermal properties to
produce randomly distributed comonomer units along the chain the density of vibrational states was also evaluafetf This
with similar concentrations in all moleculés. effort established the equilibrium thermodynamic properties of
Polyethylenes with precisely spaced, identical branches werepE to a degree comparable to the best-characterized small
synthesized most recently via acyclic diene metathesis, AD- molecules. Extended-chain crystals of close to 100% crystallinity
MET,* and are featured in this research and compared to othercould also be studied directly with differential scanning calo-
PEs and model compounds. Three such linear polyethylenerimetry (DSC) and used in the analysis of the thermodynamic
samples were analyzed..The.ir branches were at every ?1S%eat capacity and equilibrium melting temperatif®. The
backbone atom: PE1M with single methyl groups, PE2ZM with hhase diagram of PE of broad molar mass distribution was
dimethyl groups, and PE1E with ethyl groups. For comparison, getermined on the basis of equilibrium thermodynarhfcgven

In addition to molar mass, polydispersity, and thermal and
mechanical history, the thermal properties of polymers are
influenced by their chemical microstructurédifferent poly-

poly(octadecyl acrylate), PODA, with side chains-efCO)— the nonequilibrium properties, such as incomplete crystallization,
crystal and molecular nucleation, cold crystallization, annealing,

T The University of Tennessee. recrystallization, crystal perfection, superheating, broadening of

: Oak Ridge National Lab. the glass transition on partial crystallization, and the properties

§ University of Florida. . e
o Jackson Laboratory. of oriented, more or less rigid-amorphous nanophases could be
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to support the Discussion, below. Reparaffins up to GH122,
which grow as extended-chain crystals, quasi-isothermal TMD-

10 SC proved no supercooling and a reversible meRfrigaraffin

10
PEM " PE2M " crystal nucleation was shown to be possible on surfaces that
o are frequently present in such experimeiitalso, there is little
S 2 CH difference in reversibility between pure paraffins and polyeth-
A c W 3
n % C")

ylene fractions of similar average ma8sxcept for the need

PEE PODA to demix on crystallization, as required by the eutectic phase

Q ¢ o diagram! Folded-chain crystals are only observed at longer

['°‘C'©:§)N-©-&-ocnm4-] PEIM-22 chain lengt?® Extended-chain crystals of PE of high molar mass
o n show practically no reversible meltifigwhile PE with many

Figure 1. Chemical structure of the analyzed PE1M, PE2M, PE1E, folds shows some reversible melting on the lateral surfétes.
PODA, and PEIM-22. Such reversible melting was also seen for gel-spun PE of
ultrahigh molar mas3 and to a larger degree in LLDPE?

side chains: R The reversible melting measured by quasi-isothermal TMDSC
~(CHg),CHy 353 22x2 73 acrylates () and originates from melting anpl crystallization of locally decoupled
* §° N-p-acrylamides () segments of polymer chaids.
reparson” € 333 , : - 2. Experimental Section
—_— f's: rd 2.1. Materials. The polyethylenes with precisely controlled
s 4 ] chemical microstructure, as displayed in Figure 1, had a respective
isotactic 1-alkenes: £ 313 CHy~(CH), ,CHy mass-average molar mass and polydispersity of 20 200 Da and 1.7
x x x e for PE1M, 76 000 Da and 1.8 for PE2M, and 37 000 Da and 2.0
2 293 for PELE. The measured glass transition temperatdigsyere
atactic 1-alkenes: g reported in the temperature range from 230 to 250AKsample
contlinuous lines of HDPE was analyzed for comparison; its mass average was
- 73 153 000 Da and polydispersity 18. This polymer was the basis for
an earlier extensive analysis (Marlex 50, samplé&)Previously

55 analyzed LLDPEs, poly(ethylerss-octene), will be discussed
CHa-groups in the Alkyl Chain (%) also® 10 These samples have a 1428.4 wt % (2.6-6.7 mol %)
of branches. Sample 2, which was analyzed with TMDSC, had a
molar mass of 78 000 Da. Its comonomer concentration is 34.5 wt
% (5.8 mol %) and will be compared to the 4.8 mol % branches of
samples PE1M, PELE, and PE2M (for the last, the ta@H;
o I . . groups on one carbon atom are counted as one center-connected
The dls.tlnctlon between equmbrlum and |rrever§|ple ther- branch). Poly(octadecyl acrylate), PODA (37 900 Da, polydispersity
modynamics has recently been studied more efficiently by o 5 5) was purchased from Aldrich Chemical Co. The molar
temperature-modulated differential scanning calorimetry (TMD- masses of PE1E and PODA were newly measured in the Polymer
SC) in its quasi-isothermal mod&??The quasi-isothermal mode  Characterization Laboratory of the University of Tennessee by size-
of TMDSC consists of a long-time temperature modulation of exclusion chromatography. The PODA had a bimodal distribution
0.1-2.0 K with periods of 26-100 s about a constant temper- with maxima at 47 000 and 6100 Da, giving rise to the larger
ature, To. Measurement commences in such TMDSC after all polydispersity.
irreversible processes have become immeasurable, usually after 2.2. DSC and TMDSC measurementsAll new measurements
10 min, but sometimes after several hours. A major result from ©f the apparent heat capacities displayed in Figures dnd 8 were

these observations is that it is necessary to introduce variablelcr‘?‘srtrr'ﬁﬁqecr’::; méth e{(:‘:r:g'ﬁ:eAr;:‘:;ﬁtreﬁezr?tszség% f:jc;::ulsAthe
points of decoupling of molecular segments at the phase VR Y

bound d ibl | This ai h beginning of the glass transition of the PEs with the controlled
oundary and possibly even at entanglements. IS gives t €chemical microstructures, a Mettler Toledo DSC 820, capable of

decoupled segments of the molecule different propefties. |iquid nitrogen quenching, was used in the standard DSC mode.
Locally reversible melting within the metastable, semicrystalline since even such quenching does not produce amorphous samples,
polymers is one of the processes involving decoupling at the the polymers show a broadened glass transition to higher temper-
crystal growth facé# ature, as is common in semicrystalline polymers. No detailed traces

Classical thermodynamit&treats the macromolecule either  ©f the Mettler Toledo DSC are displayed since they only extend
as a whole, when, for example, colligative properties are to be the shown curves to somewhat lower temperature. The calibration

d ived blv of d led i its. wh and measurements were carried out analogous as for the Thermal
escribed, or as an assembly Of decoupled repeating units, w enAnalyst 2920, described next. Both calorimeters are isoperibol, heat-

for example, copolymer melting is to be described. Neither ,x “twin calorimeters, capable of standard and temperature-
alternative is able to describe the reversible melting discovered modulated operatiohThe data on LLDPE in Figure 7 were gained
by TMDSC. Decoupling is to be tested in this research using earlier in our laboratory using a power-compensation Perkin-Elmer
the molecules of Figure 1. Itis to be investigated if the segments DSC 7, again under comparable conditions. Details on these
of 20 CH; groups are long enough to form nanocrystals of their measurements were described eaftir.

own, separated from noncrystalline layers, or if they are included =~ Temperature measurement and control of modulation within the
within larger crystals. Decoupling was assumed earlier on Thermal Analyst 2920 are by the sensor of the sample temperature.
discussing polymers with-paraffinic side chains which have During the experiments, a refrigerated cooling system with a cooling

: i : . capacity to 220 K was used, and a dry ¢das with a flow rate of
;nsegwgwtﬁmpgigﬁéegm' similar to corresponding paraffins, 25 mL min? was purged through the DSC cell. The temperature

. was calibrated in the standard DSC mode, using the onset
To conclude the Introduction, a short summary of recent temperature of the melting transition for indium at 429.75 K. The
results by TMDSC on PE, its oligomers, and paraffins is given heat-flow rate was precalibrated with the specific heat of fusio&BfV

Figure 2. Melting temperatures of a number of different atactic vinyl
polymers with longh-paraffinic side chains. The melting points change
between those of-paraffins of the same to twice the side-chain lerf§th.
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Figure 3. Results for HDPE on standard DSC and quasi-isothermal TMDSC on heating, cooling, and reheating: (a) standard DSC traces; (b)
comparison ofC, by standard DSC and quasi-isothermal TMDSC on heating after codlifid<amin~* from the melt; (c) apparent, reversigy

on stepwise heating, cooling, and reheating, measured by quasi-isothermal TMDSC; (d) time dependence of theCampal@mgy-time quasi-
isothermal analysis at 405.7 and 397.8 K (see see reheating and cooling runs in (c)); (e, f) time-domain recofblingsedponding to (d).

indium (28.62 J g1)3 at a scanning rate of 10 K mih The melting and stepwise temperature change3gjmof 2—30 K, depending on
temperature of indium was also measured in the quasi-isothermalthe changes anticipated in the sample response. The last 10 of the
mode with a 0.5 K temperature amplitude after the calibration in 20 min quasi-isothermal runs were used for data collection to
the standard mode to identify any differences between the two calculate the reversing, as

modes of measurement. It was found that quasi-isothermal TMDSC A,

experiments after initial standard DSC calibration led to a lower % >

melting temperature of 428.89 K, somewhat different from the m‘%:m 1+70 @
expected extrapolation from 10 K mihto zero heating rate (429.44 s
K). To correct the sample temperatures from quasi-isothermal
TMDSC, 0.86 K were added to the average temperatures of the

qua5|—|sotherma| measurements. . Note thatAr, w is the amplitude of the heating rate for a sinusoidal
In all experiments, standard aluminum pans of;20volume modulation with frequency (= 2z/p, wherep is the period in s).
with covers were used for the sample and as empty reference. Thregs the modulation amplitude is not sinusoidal, a Fourier transforma-
runs were carried out for the quantitative measurements: (1) tion into the various harmonics is made, and eq 1 applies then to
sapphire vs empty reference pan, (2) empty pan vs empty referenc&ne chosen harmonic (usually the first). The second term in eq 1
pan, and (3) sample vs empty reference pan. A somewhat lightercontains the calibration factar and accounts for the effect of
reference pan was fixed for all measurements to establish a knowngifferent measuring frequencies. The values wofare usually
phase shift to appropriately correct for the asymmetry of the gygjuated empirically by separate runs.
calorimeter?* The standard DSC was performed at 10 K ndin For some samples a standard DSC trace at 10 K hviras run
from 213 to 453 K with a 10 min isotherm at the beginning and jmmediately after the completion of the slow, stepwise cooling of
end. A fresh PE sample (as delivered) was used in the first heatingthe quasi-isothermal TMDSC to measure the crystallinity of the,
run, followed by cooling &5 K min~*, and a second heating run  thys, annealed samples. Unless otherwise stated, the crystallinity,
at 10 K mirr™. W, shown in the figures was calculated from the basic equation
The quasi-isothermal TMDSC was performed using sinusoidal
modulation about successive base temperatligeith a modula-
tion period ofp = 100 s, a modulation amplitude &f, = 0.5 K,

wherem is the sample mass, is the specific heat capacity in J
K~1 g~1, andA stands for the respective modulation amplitudes.

dH = (%) dT + (%) _dn )
pn > CcDV
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Figure 4. Results for PE1IM on standard DSC and quasi-isothermal TMDSC on heating, cooling, and reheating: (a) standard DSC traces; (b)
comparison ofC, by standard DSC and quasi-isothermal TMDSC on heating after codlifid<amin~* from the melt; (c) apparent, reversigy

on stepwise heating, cooling, and reheating, measured by quasi-isothermal TMDSC; (d, e) time dependence of th€appdoegttime quasi-
isothermal analysis on the cooling run of (c); (f) time-domain recording® abrresponding to (d).

the equation which expresses the differential change in enthalpy T, obtained by standard DSC in Figure 3a are much lower
as the sum of the heat capacigH(aT),, dT and the latent heat  than the equilibrium melting temperature of the sample (414.0
(9H/9n)r dn, where the subscripts n, andT indicate the constancy  K)5 but agree with earlier results.

of p, n, andT. The measured heat of fusioAH, is the excess - . . .
above the thermodynamic heat capacity, integrated over tempera- | "€ quasi-isothermal TMDSC experiments in Figure 3b

ture, so that the crystallinity i& = (AH/AH;). The heat of fusion ~ €xhibit only a small peak in the reversiit when compared

of 100% orthorhombic crystalline PRAH, is 293.0 J g* (4.11 kJ to the standard DSC. The reversing melting peak is narrower

mol~1) at the equilibrium melting temperature of 414.6'KFor and is located inside the melting peak of the standard DSC trace.

all crystallinity calculationsAH; of the orthorhombic PE was used  The peak-heights of the appardéfy above the baseline of the

at the temperature of the respective melting peak. Deviations dueliquid sample are 256 J & mol~! at 408.6 K by DSC and 39

to different crystal structures are addressed in the Discussion. It 3 K-1 mol~! at 403.7 K by TMDSC. Figure 3c contains an

should be nqted that, is an abbrewat.lon for heat capacity. If enlarged plot of same reversir@, together with the results

?heecoerse?iecl:gly Sﬂ%ﬁff'sﬁgﬁhagstrfg\r/riroséﬁ’é &;glngpé )e(z(t:%égnd gained on cooling and on repeating the quasi-isothermal

are identified by the éppropriate adjective. P e_xperiment on h_eating after the prior cooling run. The do'Fted
2.3. WAXD Measurements. The X-ray experiments were line is the bz_;lsel_ln@p of the_lOO% amorphou_s sa_mple, while

the dashed line is the baseline of the 100% vibrati@iaboth

performed in the Central X-ray Facility of UTK on samples of ! : C
varying thickness. The diffractometer was a Philips X'Pert X-ray as given in the ATHAS Data BariR. The reversingC, after

unit, working in reflection geometry using Cuiadiation (0.1542 = cooling @ 5 K min~t is higher than that on the slow quasi-
nm), operated at 40 kV and 45 mA. The fresh samples were used,isothermal cooling and reheating. The quasi-isothermal steps
and all measurements were done at room temperature in air. Dataon cooling show a reversing crystallization peak at 397.8 K
in the range of 8 = 5—40° were collected at scan steps of 205  and an onset of crystallization at 399.8 K. The subsequent
heating reveals a reversing melting peak at 405.7 K with the
3. Results end of melting at 409.7 K. Thus, the experimental supercooling
3.1. HDPE.Figure 3 shows the results of standard DSC and of HDPE is 10 K, as expected from the earlier analy8¢8.
quasi-isothermal TMDSC of HDPE. The melting temperatures, Long-time modulation experiments give a continuing cha%ev
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Figure 5. Results for PE1E on standard DSC and quasi-isothermal TMDSC on heating, cooling, and reheating: (a) standard DSC traces; (b)
comparison ofC, by standard DSC and quasi-isothermal TMDSC on heating after codligkamin=! from the melt and followed by cooling;

(c) apparent, reversinG, on stepwise heating and reheating, measured by quasi-isothermal TMDSC; (d) time dependence of theGypmarent
long-time quasi-isothermal analysis at the maximum of the cooling run of (b).

in the apparent heat capacity as analyzed in Figure 3d. The uppefor the calculation of the baselines for tlig of the semicrys-
curve (at 405.7 K) shows the variation @, at the peak talline samples. It is shown in section 3.7 that these polymers
temperature on heating in Figure 3c, while the lower one (at do not have an orthorhombic crystal structure as seen in PE.
397.8 K) is at the peak temperature on cooling. A double-  Figure 4b is a comparison of the standard DSC with the quasi-
exponential fit of the data indicates an ultimately constant level isothermal TMDSC results (circles) on heating after cooling at
of reversing heat capacity, which is considered to be the 5 K min~’. A small, reversing melting peak at 332.4 K on
reversible melting* These reversibl€,s at 405.7 and 397.8  heating is located inside the melting peak of the standard DSC
K are still higher by about 90% and 30%, respectively, than trace. The peak height of the appar€&gtabove the baseline of
the expected thermodynan®@; for the appropriate crystallinity.  the amorphous sample reaches 5600 3 idol* at 337.1 K in
The apparent reversiblg, is also considerably higher thag standard DSC, compared to 375 JKmol™! at 332.4 K in
for the liquid. The reversin@, measured on heating decreases TMDSC.
faster than on cooling. Figure 4c contains an enlarged plot of the same reversing
More information on the time dependence of the heat-flow C,, together with the results gained on cooling and on repeating
rates, ®@, is gained from Figure 3e,f. In the beginning, the the quasi-isothermal heating experiment after the prior cooling
modulated portion ofd® is superimposed on the remaining run. The dotted line is the baseli@y of the 100% amorphous
irreversible melting (lasting about 20 min) and crystallization sample, while the dashed line is the heat capacity for 100%
(lasting about 40 min). Both start on the change of temperature crystalline PE1M without latent heat contributions. They were
to the choserTo. In the heating run of Figure 3e, the shallow calculated with eq 3 assuming simple additivity of tBg of
maximum in the peaks of the heat-flow rate at-I2 min is two chemical groups in PE1M (see Figure 1):
the result of an excess exotherm and is expected from
reorganization or recrystallization of some of the crystals. If Cp(PElM)= 190p(PE)+ Cp(PP) 3)
this produces any crystals with a highiy than is reached by
the next melting cycle, they do not participate in further melting where C,(PP) and C,(PE) are the heat capacities for the
and recrystallization. After several hundred modulation cycles, appropriate amorphous or crystalline polypropylene, PP
a locally reversible melting process is reacBéth the cooling (—CHCH;—CHy), and polyethylene, PEHCH,), all listed in
run at 397.8 K of Figure 3f the modulation is almost symmetric the ATHAS Data Bank® The cooling run has a crystallization
after about 8 min. A continued small decrease in amplitude is peak at 330.4 K and an onset of crystallization at 334.4 K. On
due to reorganization with a relaxation time of about 140 min reheating after the TMDSC cooling runs, the major reversing
and is superimposed on the irreversible crystallization without melting peak is at 332.4 K and the end of melting at 336.4 K,
a maximum. which agrees with a published value of 333 K for the peak
3.2. PE1M. Figure 4 displays the results of standard DSC temperature by DSC extrapolated to zero heating ¥afthe
and TMDSC on PE1M. As described in the Experimental reversingC, is similar for all three runs. It is to be noted that
Section, the crystallinities for PE1M listed in Figure 4a and of the supercooling for crystallization from the melt is only 2 K.
all subsequent samples have been computed using the heat of Long-time modulation experiments for PE1M are illustrated
fusion of the orthorhombic PE at the given peak temperature in Figure 4d for 330.4 K, the peak temperature on cooling. This
and serve only as a comparison to the heat of fusion of PE andrun occurred after major crystallization in the prior run (%’esv
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Figure 6. Results for PE2M on standard DSC and quasi-isothermal TMDSC on heating, cooling, and reheating: (a, b) standard DSC traces; (c)
comparison ofC, by standard DSC and quasi-isothermal TMDSC on heating after codliigamin~* from the melt; (d) apparent, reversi@

on stepwise heating, cooling, and reheating, measured by quasi-isothermal TMDSC; (e) time dependence of theCappalerg-time quasi-
isothermal analysis on the cooling-run of (d); (f) time-domain recording® abrresponding to (e).

Figure 4e). The result of a double-exponential fit of the data K for standard DSC and 256 JK mol~! at 293.0 K for

indicates the ultimately constant level of reversiklg also TMDSC.

shown in Figure 4e. It is still much higher than the expected  The baselines indicating th@, of the liquid and the solid

value for the remaining crystallinity and is also considerably samples were calculated with

higher than is known for the 100% amorphous sample. The heat-

flow rates plotted in the time domain are given in Figure 4f. Cy(PE1E)= 19C,(PE)+ C,(PB) 4)

The initial heat-flow-rate exotherms decrease more when

compared to the endotherms. The decrease in the apparent heathereC,(PE) andC,(PB) are theC, of PE and poly-1-butene,

capacity, thus, is mainly due to crystal perfection, in contrast PB (—CHC,Hs—CHy), in the appropriate state, obtained from

to the analyses in Figures 3f and 6f. the ATHAS Data Bank® On heating after cooling using
3.3. PEL1E.Figure 5 illustrates the standard DSC and quasi- TMDSC, PELE reveals a major reversing melting peak at 293.0

isothermal TMDSC of PE1E. Figure 5a displays the heat-flow K as well as a broad shoulder at 305.0 K. The end of the

rates of the standard DSC with the marked peak temperatureseversing melting peak is at 309.0 K. In TMDSC on cooling

of crystallization and melting. Figure 5b contains a comparison and subsequent heating, the reversing peak appears at the same

of the quasi-isothermal TMDSC results on cooling from the temperature (292.9 K). The onset of crystallization in Figure

melt and on subsequent heating to the data from standard DSCob is at 301.0 K, a supercooling of about 8 K, more than for

on heating after cooling from the melt & K min~'. The PE1M but less than for HDPE.

matching TMDSC of a sample cooled at 5 K miris similar The long-time modulation experiments lead to a decrease in

to the heating run in Figure 5b, as is shown in Figure 5c. The the apparenC, at 292.9 K but remain still much higher than

reversing melting peak is smaller and narrower than the standardthe expected value for the crystallinity of 28% at the same time

DSC peak. The quasi-isothermal, reversifgon cooling in and temperature. It is also considerably higher than for the 100%

Figure 5b reaches practically the same melting peak as in theamorphous sample. Figure 5d summarizes the results. In the

heating experiments. The peak heights of the app&gabove time domain, the dependence of the heat-flow rate suggests that

the baseline of the amorphous are 122573 Kiol™! at 295.7 the decrease in the apparent heat capacity is mainly due to CE/B@I



210 Qiu et al. Macromolecules, Vol. 39, No. 1, 2006

Measurement by Measurement by

CRT o DS G Sample densitles: Comonomer wt-%: C) 7b Vstardard pec

b4 . 4

=4 Perkin-Elmer 5 1 0.868 Mg m? 1 384 = Perkin-Elmer 5

2 45|  Cooling rate 2 0.870Mgm? 2 45 = Heating rate

= 10 K/min 3 0.880 Mgm 3 297 =gl 10 K/min

S 4 0895 Mg m3 4 209 S

g s 5 0.902 Mg m 5 142 g

fg’ 1 Branches mol-%: Crystallinity at 233 K § 3 liguid
I 4 . liguic 1 67 1 21% T et N

O glass, v T anntd 2 58 2 29% o apsoset®

5 0 coederepiiedaiasts 3 48 3 3% 5 1| osssteee St

2 TR=4148K 4 31 4 47% 9 T =4148K
[ & T W

750 200 250 300 350 400 5 20 5 4% 150 200 250 300 350 400

(a) Temperature (K) (b) Temperature (K)

Annealing at 299 K after
cooling with 10 K/min
from the melt

Sample 2: 0.870 Mg m?

Cooling rate to the annealing
temperature: 10 K min™!

Mettler Toledo DSC 820)
4.5 DSC: +10K/min
TMDSC: sinusoidal

A=10K, p=18min
Standard DSC: thin lines
TMDSC: thick lines

246}

fit with two
Crystallization relaxation times

339K

Rev. Specific Heat Capacity [J/(K g)]

Specific Heat Capacity [J/(K g)]

3.0k PR 2.44}
., Melting Calorimeter: Perkin Elmer
j Pyris 1, sawtooth modulation
Glass transition amplitude 1.0 K, period 60 s
2.42

15 - RN 4 - single exponential fit H Acp(’) - Acp(“) =
' G et -* octene content 34.5 wt-% L v r > ~ ! a. e—t/:] + e_m:Z

g T‘D‘ata bank crystal | or 5.8 mol-% branches 0 25 50 75 100 1 )
200 300 200 Time (min) Ty =2-5min <, =78-137 min

(c) Temperature (K) (d)

Figure 7. Apparent specific heat capacity of LLDPE, poly(ethyleresctene), measured by TMDSC (reversig and standard DSC (totél,):
(a) standard DSC traces on cooling of a series of polymers (the branches are calculated as m6lEs-GtH1; per 100 backbone atoms); (b)
standard DSC traces on subsequent heating of the series of polymers cooled from the melt in (a); (c) comparison of th€appatandard
DSC and quasi-isothermal TMDSC on cooling, followed by heating for sample 2; (d) time dependence of the apparent &vensiogg-time
guasi-isothermal analysis at 299 K (quasi-isothermal TMDSC of a sample cooled from the melt to 299 K, as in (a)).

perfection with time, which cannot be reversed on the subse- lization under the given conditions, thus, is 20 K. After
quent heating and cooling cycles. crystallization is complete, the cooling run matches the subse-
3.4. PE2M. Figure 6 gives the standard DSC and TMDSC quent heating. The effect of the rate of cooling@yfreversing)
results for PE2M. In Figure 6a heat-flow-rate curves by standard is seen by comparison of the two melting experiments in Figure
DSC are reproduced. On first heating, the fresh sample shows6d. The sample cooled & K min~! has a much higher peak
one major and two minor melting peaks. In the heating run after compared to the sample that underwent slow cooling with
long-time annealing during the quasi-isothermal TMDSC on TMDSC. It is a common observation that faster crystallization
cooling, a similar curve is recovered. Crystallization on cooling yields higher reversing melting peaksThe peak heights of
at 5 K minm? results in a single exotherm. It is interesting that the apparentC, above the baseline of the liquid samples in
in the subsequent heating PE2M starts the first melting at lower Figure 6¢c are 1000 J ® mol~! at 290.3 K and 1110 J ®
temperature and gives a melting peak at 290.3 K, followed mol~! at 316.5 K for standard DSC, while TMDSC in Figure
immediately by a cold crystallization exotherm. After the 6c,d resultsin 160 J K mol~*at 291.0 K and 320 J K mol*
completion of the cold crystallization, there appears a secondat 315.1 K. The dotted lines in Figure 6d,e represent the baseline
melting with a shoulder and a major peak. Figure 6b illustrates C, of the amorphous sample, while the dashed lines are the
the disappearance of the cold crystallization and the approachheat capacity for crystalline PE2M without latent heat contribu-
to the better crystallized samples in Figure 6a. The crystallinity tions. They were calculated by
deceases with increasing cooling rates and reaches 17.9% at
100 K minm %, The data on cooling from 10 to 100 K mihare Cp(PEZM)Z 190p(PE)+ Cp(PIBUT) (5)
not shown in Figure 6b. They indicate no further change in the
appearance of the heating trace, except for minor changes inwhereCy(PE) andCy(PIBUT) are theC, of PE and polyisobu-
the peak positions. tylene, PIBUT [-C(CHs),—CH,)].%8
Figure 6¢ represents the comparison of standard DSC and The long-time modulation experiments on cooling in Figure
quasi-isothermal TMDSC after crystallization on cooling at 5 6e show a decrease in the appar€ptat 299.1 and 277.0 K,
K min~. A small shoulder at 291.0 K and a peak at 315.1 K the peak temperatures in the cooling run of Figure 6d. A double-
characterizeCy(reversing). The shoulder, better seen in Figure exponential fit of the data yields the ultimately constant level
6d, is at the position of the first melting peak by standard DSC, of reversible heat capacity, as shown in the figure. The reversible
while the peak is at the second melting peak. The cold- Cys are still higher than the expected values for the remaining
crystallization peak of the standard DSC trace is fully irrevers- crystallinities at the given times and temperatures and also higher
ible and does not show in TMDSC, neither does the 308.4 K thanC, for the amorphous sample. The same tendency is seen
shoulder in standard DSC appear in TMDSC. at 275.0 and 317.1 K for the heating runs in Figure 6d. The
Figure 6d contains an enlarged plot of the apparent reversingtime dependence of the heat-flow rates in the cooling experiment
Cp by quasi-isothermal TMDSC of Figure 6¢ and the subsequent of Figure 6e is gained from Figure 6f at 299.1 K. The modulated
cooling and reheating runs. The end of the reversing melting portion of the heat-flow rate is superimposed on the irreversible
after cooling 45 K min~! is at 323.1 K. In the cooling run,  crystallization from the melt which starts after the decrease of
two reversing crystallization peaks appear, one at 299.1 K andtemperature to 299.1 K and lasts for about 30 min (compare to
one at 277.0 K, better seen in Figure 6e. The minimum betweenFigure 3f). The asymmetry of the upper and lower envelope of
the two crystallization peaks is at 287.0 K. The onset of the the modulation indicates that there is an additional exotherm
crystallization is at 303.1 K. The supercooling for the crystal- of crystal perfection with a longer relaxation time. Before ste&tyv
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Figure 8. Results for PODA on standard DSC and quasi-isothermal TMDSC on heating, cooling, and reheating: (a) standard DSC traces; (b)
comparison ofC, by standard DSC and quasi-isothermal TMDSC on heating after codlifganin= from the melt; (c) apparent, reversi@

on stepwise heating, cooling, and reheating, measured by quasi-isothermal TMDSC; (d) time dependence of theCaopalemg-time quasi-
isothermal analysis at the maximum of the cooling-run of (c) (compare to Figure 3d,f).

state is reached, the earlier exotherms in the modulated heatgives a melting peak at 315.6 K andAdd of 89.9 J g, and
flow rate decrease more than the subsequent endotherms of théhe heating runs after cooling with quasi-isothermal TMDSC
heating cycle. This suggests that the decrease in the apparengive a melting peak at 316.8 K andAH of 96.1 J g*. In the
heat capacity is mainly due to the crystal perfection with time cooling runs 85 K min=! from the melt, PODA shows a
which cannot be reversed in the heating cycle that follows.  crystallization peak at 308.2 K and a shoulder at 303.7 K, with
3.5. LLDPE. The properties of LLDPE, poly(ethylers- a AH of 88.4 J g'. The comparison between standard DSC
octene)’ a PE with hexy] branches, were ana]yzed edrliér. and the quasi-isothermal TMDSC is shown in Figure 8b. The
A brief review of the extended data sets with standard DSC small reversing melting peak is located inside the melting peak
and TMDSC is represented in Figure 7. The standard DSC of the standard DSC trace. The peak heights of the app@gent
curves in Figure 7a illustrate the typical two-step crystallization above the baseline of the liquid sample are 70283 idol™*
seen on cooling, consisting of a sharp peak, followed by a slow at 315.6 K on standard DSC and 197 J'Knol™* at 314.0 K
further growth of crystals which stretches to the glass transition in TMDSC. Figure 8c is an enlarged plot of reversiy,
temperature. The slow crystallization at low temperature together with the results gained on cooling and on repeating of
becomes the majority process with increasing branch content.the quasi-isothermal experiment on heating after the prior
Figure 7b illustrates the corresponding heating traces by standarccooling run. The dotted line is the baseli@g of the liquid
DSC. With increasing branch content, the sharp portion of the sample?® while the dashed line is the baseline of the solid given
melting peak disappears. The comparison between standard DS the ATHAS Data BanR® The reversingC; after cooling at
and the quasi-isothermal TMDSC is shown for sample 2 in 5 K min~t is higher than that on the slow quasi-isothermal
Figure 7c. On cooling, the crystallinity is 15% at 293 K and cooling and reheating. The quasi-isothermal steps on cooling
increases on further cooling to 29% at 233 K. A broad reversing show a reversing crystallization peak at 310.1 K and an onset
melting peak at a temperature of about 334 K can be seen inof crystallization at 314.1 K. The subsequent heating (open
Figure 7c with an increasingly smaller amount of reversing circles) reveals a reversing melting peak at 314.0 K with the
melting at the highest temperatures. At 334 K the apparent end of melting at 316.0 K. Thus, the experimental supercooling
reversingC, of the melting peak is estimated to be about 94% of PODA is 2 K. Long-time modulation experiments give a
of the totalC,. The supercooling is large, about 30 K. Figure continuing change in the apparent heat capacity as can be
7d, finally, shows the approach to fully reversible melting at derived from Figure 8d. A double-exponential fit indicates a
longer times (compare to Figure 3d). reversible apparei@, of 728 J K mol~1, considerably higher
3.6. PODA. Poly(n-octadecyl acrylate), PODA, with a side  thanC; for the liquid at the temperature, although the sample
chain of—(CO)O(CH)1-CHs was analyzed with standard DSC stlll had aAH of 75.1 J g! after 10 h gnneallng with quasi-
and TMDSC. Its chemical structure is given in Figure 1, and 'Sothermal TMDSC at 310.1 K. The time dependence of the
the Trs of PODA and similar polymers with different structures n€at-flow rate at 310.1 K is analogous to that of Figure 3f for
and chain lengths are illustrated in Figure 2. The new thermal HDPE.
analysis results are presented in Figure 8. Figure 8a shows that 3.7. X-ray Results. Figure 9 is a plot of the diffraction
the first heating (fresh sample) gives a melting peak at 320.2 patterns in terms of the intensity v 2or the newly analyzed
K, in good accord with the wide spread of data in Figure 2, samples. Figure 9 shows that the HDPE is an orthorhombic
with a heat of fusion oAH = 99.6 J g?, the second heating  crystal (space groupnam chain direction along the axis) CDV
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10. A sample crystallized somewhat better showed two scat-
tering peaks: one at 18.&hifted by 0.9 to a smaller angle
and a much smaller one at 21.% The triclinic 010 and 100
reflections of n-octadecane at 1%3and 21.7 at relative
intensities of 100 and 6%, respectivéfymatch these results.
All 18 other diffractions of relative intensities above 5%
identified in the paraffin are absent in PEL1E. They are of the
HDPE hkl type withl = 0 and involve the chain axis. For comparison,

| Welestimate) = 54.6% the hexagonal diffraction peak of PE at room temperature and

2500

2000
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1500+ W, (estimate) = 65%
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i : ) of the orthorhombica-axis due to the ethyl group in poly-

Figure 9. X-ray data of the precise PE copolymer PEIM with 20.CH  (ovieneeo-1-butene) is just below the broad range reported

units per structural repeating unit compared to HDPE (for the structures, . . Y

see Figure 1). Successive curves are displaced for clarity. for the free radical copolymers with propeffendicating less

inclusion of ethyl groups than methyl groups into the PE crystal.

A more open structure for the better crystallized sample would

be able to accommodate some more ethyl side groups, thus

making a triclinic structure tending to (pseudo)hexagonal

possible for PE1E.

A completely different diffraction pattern arises from PE2M.

W (estimate): The crystallinity seems to be somewhat larger than in PE1E. A

30% FoDA series of small diffraction peaks can be seen in Figure 10. The

19.3% diffraction peaks are located at (17),118.#, (20.6), 21.5,

5001 PE1E . . .

31 6% and 22.8, with the less prominent ones in parentheses. Most
PE2M of these spacings can be found in the triclinic, orthorhombic,

0 ' y ' y ' y and hexagonal structures of the paraffins where they originate

2-theta (Degree) from the lateral packing in the chains.

The final pattern in Figure 10 is that of PODA. A single,
Figure 10. Comparison of X-ray data of PE2M, PE1E, and PODA stron diffra‘():tion- eak isg seen at @ ®f 21.6 on a broag
with 20 chain atoms in the side chain of each structural repeating unit 9 P : ’

(for the structures, see Figure 1). Successive curves are displaced fo@morphous background. Again, the lattice spacing is similar to
clarity. Note that the intensity scale is expanded relative to Figure 9. the well-known, strong 110 reflection of orthorhombic paraffins

with similar odd numbers of CHgroups of 21.8, but the 200
with its peak positions at@of 21.4, 23.8, 29.8, and 36.3 reflection at 24.0 is missing and should have a 50% relative
and relative intensities above the amorphous background of 100,intensity. All other diffractions of the up to 70 peaks identified
33, 2, and 4%. This corresponds to the original data by Bunn in paraffins are of thékl type with| = 0, involving the chain
for the 110, 200, 210, and 020 reflections of peak intensities of axis are absent in PODA. This is an indication of the absence

0

2000+

1500

1000

Intensity (Counts)

100, 35, 1, and 5%, resp(_acti\{ely. . . ~ of sufficiently well-defined lamellar surfaces at reasonable
The structure of PE1M in Figure 9 is typ|cal for monopllnlc angles to the Ckichain segments of 2.5 nm length. Finally,
polyethylene (space group2/m, chain axis along the axis) the hexagonal structure of polyethylene has a diffraction angle

with the planes of the trans-conformations arranged in parallel. of 20 = 20.5,47 which would point to a slightly enlarged
Earlier, the monoclinic lattice was indexed as a triclinic unit hexagonal unit cell for PODA.
cell of half the size along,*® which loses the mirror plane A crystallinity estimate from the ratio of the crystalline to
normal to the chain directiof:42 The triclinic unit cell was the total WAXD intensity over the measured range 6fig
also applied in a recent, more detailed analysis of the crystal 54.5% for HDPE, 65.0% for PE1M, 19.3% for PE1E, 31.6%
structure and morphology of PE1#Mwhich will be discussed  for PE2M, and 30% for PODA. Reported adjustment factors
in section 4.2. The diffraction peaks are at 19.1, 22.1, and’25.6 for the amorphous intensity of PE due to the limited diffraction
with relative intensities of 100, 83, and 4.5%, compared to the range employed in the analysis vary between 1.2 and 0.9 and
monoclinic PE at 19.45, 23.17, and 25> Mith intensities of have been neglected because of the uncertainties that exist for
100, 60, and 26% for the 100, 200, an@12reflections, the crystallinities derived from the heats of fusion to which the
respectively®!4% The shift of the 200 reflection to a smaller X-ray crystallinities should be compared and are shown in
diffraction angle signifies a slightly larger unit cell. A similar  Figures 3-8a (first heating).
effect was seen for the (orthorhombé&pxis dimension of free- ) _
radical polymerized poly(ethylenes-propylene)44 Despite the 4. Discussion
fact that the methyl groups do not fit the PE crystal lattice, the  4.1. The Three Limiting Materials HDPE, LLDPE, and
copolymers with 5% methyl side groups showed a lattice Eicosane. The five macromolecules with precise chemical
expansion of 2.65.1%, which corresponds to a decrease in structures of Figure 1 have sequences of 20, 17, and 22 CH
diffraction angle by 0.6—-1.2°, the same magnitude as seen in groups along the backbone or as side groups. These sequences
the monoclinic 200 reflection of PE1M. Experiments on a wide make up the crystallizeable units which are more or less
variety of branched samples led to the conclusion that a fraction decoupled from the overall macromolecule, which in all cases
of the methyl groups could be accommodated as defects withinhave a total of 250610 000 carbon atoms. Their crystal and
the crystal lamellaé? phase structures as well as their transitions will be compared
The diffraction pattern for PELE in Figure 10 shows only to the following three limiting materials to highlight the
one diffraction peak at 19°6and a broader shoulder at 22 considerable differences:
23°, superimposed on a broad, amorphous background between The first of the limiting materials is HDPE, analyzed in Figure
13° and 27 which is similar for all polymers in Figures 9 and 3. Itis a linear polymer with negligible branches. It crystallizc?BV
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orthorhombically (see Figure 9). The identical HDPE was crystals of LDPE with similar branch content, reviewed earlier
crystallized at elevated pressure350 MPa) to an extended- and discussed with the models proposed at that time, including
chain macroconformation. After cooling and pressure release,and excluding mixing term3.

the samples were close to equilibrium with a crystallinity of The third limiting material is represented by the fully
98% and with lamellar thicknesses in direction of the chain of decoupled sequences of paraffins of the same length as in
up to 3um.*® In this morphology and macroconformation, the  n.C,gH,,, eicosane. Th@, can be seen in Figure 2 to be 311
short molecules with lengths of less than 20 000 Da separatedk. The supercooling was observed to be less than 0.1 K when
from the broad distribution of lengths according to a eutectic, crystallized on cooling with a rate of 0.1 K mih% and
multiphase diagrarfr.” The extended-chain equilibrium crystals  TMDSC could prove full reversibility of melting and crystal-
melt fully irreversibly? On crystallization from the melt at  |ization for n-paraffins of 60 chain atoms or less with a
atmospheric pressure, as in Figure 3, folded-chain crystal modulation amplitude 0f:0.05 K27:2° All paraffins with odd
lamellae with a reduced crystallinity of only 7B0% result. A numbers of chain atoms are orthorhombic, with a structure
fold length of 15-20 nm is observed on crystallization at 390  similar to polyethylene, while the even ones are triclinic up to
K, which can extend on annealing at higher temperatures by asn-C,Hs, and monoclinic above These differences arise mainly
much as 10-fold? The reversing melting in Figure 3 fits the  from the need to pack the GHend groups to obtain closely
earlier TMDSC results on different HDPEs which led to the packed stacks of the chain molecéfeand become unimportant
picture of a globally metastable structure, made up of nano- to for longer paraffins. The lateral packing of the paraffins can be
microphase crystals separated by amorphous areas. The longeflescribed in terms of the arrangement of the planes of the zigzag
molecules traverse the phase boundaries at points of decouplinghains. A parallel arrangemerit|(|) is found for the triclinic
where their crystalline thermodynamic nature changes from and monoclinic molecules and a nonparallel one (\/\) for the
crystalline to amorphou®. At the growth face of the crystals,  orthorhombic molecules. On disordering, all three tend to a more
local equilibria were identified by TMDSC involving decoupled  or less pseudohexagonal structefras is seen also in the condis
molecule segments which can avoid the need of molecular phases$? stable a few degrees below the melting temperatures
nucleatior?* The specific reversible melting, defined by the ratio  for paraffins up to G4Hgoe. The thermal properties of all these
of the reversible enthalpy of fusion, measured by TMDSC, to paraffins have been reported earfiér.

the total, measured by standard DSC, starts in Figure 3b,c with 4 5 Crystal and Phase StructureThe study of the crystal
values above 70% at about 330 K, but at these temperaturesiryctures in Figures 9 and 10 gives the result that the top four
only small changes in crystallinity occé#t Approximating the macromolecules in Figure 1 do not have an orthorhombic
specific reversible melting (per kelvin) by the ratio of excess gt cture which is the stable structure of PE and the odd-
reversible to total heat capacity, with the excess measured above,;mpered paraffins at room temperature. The molecule which
the baseline of the semicrystalline sample, one can concludecomes closest to a PE crystal structure is the monoclinic PE1M
that the main DSC melting peak and the reversing TMDSC \yith the smallest branch length. An extensive and more precise
melting peak both occur not far from the end of melting. At stydy of an identical PE1M, crystallized from solution and melt
this temperature a large change in crystallinity occurs, and onepy wide- and small-angle X-ray diffraction and electron dif-
finds from Figure 3b an estimate of 15% for the. specific  fraction, was published recentfyand agrees with the data
reversing melting. Considering the large uncertainties of the presented here but discusses the results in the older triclinic
DSC melting peak because of instrument lag and the change ofsetting for PE discussed earli¢? Both PODA and PE1E show
the reversing peak due to the reorganization, seen in Figure 3d.5 single strong diffraction peak and appear to be related to the
this value agrees well with the more detailed study of the specific pseudohexagonal PE or paraffins with (100) reflections at®20.5
reversibility of PES? The supercooling of about 10 Kis also in  The PODA has a larger diffraction angle (2%),6indicating a
agreement with prior extensive studies on seeded and unseedegoser packing which tends toward the paraffinic orthorhombic
PE samples of the same lot as analyzed in this resé&geh. structure, while the PELE has a smaller angle (81B.F),

The LLDPE of Figure 7 represents the second limiting indicating an expanded lattice tending toward the paraffinic
material as an example leading to poorer crystallization. Samplestriclinic structure. The PE2E, in turn, seems to be able to exist
1-3 in Figure 7 of these random copolymers have similar Simultaneously at least in two different paraffinic structures.
overall concentrations of branches to the precisely structured To judge crystallinity, ease of crystallization, and crystal
macromolecules, and thus a similar average, Gequence  morphology, one must compare Figures-8a. The crystallinity
length, but contained in a random distribution. Different from s calculated with the orthorhombic heat of fusion because the
the HDPE is the distinct two-part crystallization in Figure 7a. heats of fusion and the change with temperature of the other
A temperature-resolved X-ray study of sample 2 revealed a crystal structures are not as well established. The heat of fusion
mixture of hexagonal and orthorhombic cryst#t8° The DSC of the monoclinic and triclinic structures of paraffins is only
and TMDSC results in Figure 7c illustrate that about half of |ittle less than that of the orthorhombic crystals, while the heat
the crystallinity has a broad melting region that reaches from of fusion of the disordered, pseudohexagonal phase is always
the low-temperature beginning of the glass transition at 220 K smaller, variable, and may be as little as 50% of the heat of
to about 300 K. This portion melts largely reversibly with a fusion of the orthorhombic crystat§>’ In comparing the
specific reversibility of >75%2 and represents mainly the crystallinity from X-ray diffraction and heat of fusion, one might
fraction with hexagonal cryst&&and, judging from the melting  assume, thus, that the former should always be larger, but two
temperatures, must consist of shorter chain segments. The higheother points limit such interpretation. The X-ray diffraction often
melting half of the crystallinity is orthorhombic, similar to the  misses nanocrystals which can still yield a sizable heat of fusion,
chain-folded crystals of HDPE, and its specific reversibility and slow and fast cooling followed by annealing, even at room
decreases to less than 58%The supercooling, when judged temperature, can yield largely different crystallinities; i.e., the
from the end of melting and beginning of crystallization by different experiments may refer to samples of different histories.
TMDSC in Figure 7c, has doubled compared to HDPE. The The small samples on hand did not allow for more extensive
maximum of melting at 339 K corresponds to chain-folded experimentation. CDV
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The ease of crystallization is judged for this comparison by A similar structure was found earlier in the mesophase-
the difference between the (first) crystallization peak reached forming poly(4,4-phthaloimidobenzoyh-methyleneoxycarbo-
on the cooling 85 K min~* and the (corresponding) melting  nyl)s, PEIMn, wheren designates the number of methylene
peak on subsequent heating at 10 K minThe two polyeth- groups in the repeating unit. The chemical structure for PEIM-
ylenes with folded-chain crystals, HDPE and LLDPE, have the 22 is given in Figure 1. Calorimetric as well as X-ray data are
largest differences between crystallization and melting peak (17 available for PEIM-22%85% while supporting solid-state NMR
and 20 K, respectively). The PEIM, PODA, PE1E, and PE2M information is available PEIM-9 and PEIM-£26! These
with crystallinities (by DSC) of 46, 36, 27, and 20%, respec- precisely segmented PEIMs have a smectic-like layer structure
tively, have differences of only 8.5, 7.4, 4.1, and 5.9 K, with a coherently scattering stack of3 repeating unit& with
respectively. The highest DSC melting peaks of HDPE, LLDPE, the methylene sequences being nanophase-separated in a
PE1M, PODA, PEIE, and PE2M are at 409, 339, 338, 320, hexagonal condis structure with specific bonds ordered into a
309, and 320 K, respectively. Thus, one can distinguish the trans conformatiofi62In these and similar segmented macro-
slower crystallization with standard chain-folding from the molecules the two chemically different segments are at the basis
crystallization of the precisely segmented macromolecules.  of the nanophase separation, driven by the immiscibility of the

A comparison to the fully decoupled paraffin eicosane with o sequences. The crystallinity of the €sequences provide
aTp of 311 K and a chain length of2.5 nm reveals the  tne |argest portion of the heat of crystallization and stabilize
following: There is a correlation to th&q of eicosane for  the gverall crystal stacks, which in turn assume the lamellar
PODA, PE1E, and PE2M, but not for LLDPE and PEIM. For g perstructuré. The PE1IM seems to take a similar structure
LLDPE, this is linked to the PE-like crystallization of the longer \yith the separation occurring with the smallest possible differ-
CH; sequences which are always present in random gnce in geometry. The defect planes of ©€BHs groups with
copolymers.™® For PE1M, the higher melting peak temperature surrounding chain defects are too small to be acting as a separate
and crystallmlty are m.ostlllkely.due to the changes in crystgl phase but are sufficient to act as a point of decoupling which
perfection due to easier inclusion of methyl branches within affects the phase transition. With increasing sequence lengths,

_the crystal, variatio_ns in the surface free energi_es, and differences[he structures extend to the better-known block copolymers in
in the annealing histories, enhanced by the different degrees of

initial supercooling. The inclusion of methyl groups is in accord which the size scale is expanded to microphases. Again, for
X P g.1n . ) ylgroups s | the phase separation one expects a lamellar superstructure for
with the increased lattice dimensidfand more extensive data

on structure and morpholog¥,discussed below. The lower these blocks of mole fraction 0.5, not due to a need to chain-
crystallinities of PElIE and |3E2M may be cc;upled to the _foId but due to the need to place the point; of decoupling at the
distinctly lower supercooling which yield a lesser driving force interface. The lamellar superstructure will affect the crystal

toward crystal perfection on crystallization. For PE2M, one can morphqlogy as soon as it approaches the fold length of the
see in Figure 6a,b that reorganization is sufficiently slow that crystallizable sequence(s), which can be affected to some degree

on second heating the crystals grown on cooling at faster rateby the crystalhzatlon temperatu?é.The present Sa”.‘p'es an(_i
than 1.0 K min melt almost completely on heating before the PEIMs extend this continuous change in alternating chemical
recrystallization by cold crystallization. Finally, it should be structure to a Ien_gt_h scale smaller than the fold It_ength _and
noted that there is no similarity of any of the samples to the |Ilulstrate the qverrldlng macromqleculgr gffect of chain folding
100% crystallinity of eicosane and its reversible crystallization P€iNg maintained by segmentation within the lamellar super-
without supercooling? structure without complete loss of the overall crystalline order.
The crystal size in the chain direction of HDPE and also for  Itis interesting to see that chain-folding of sequences without
the longer CH sequences in LLDPE is set by the chain-folding. decoupling seems to be the reason for the slower crystallization
The fraction of crystals in LLDPE which melts at low temper- kinetics of HDPE and LLDPE. The crystal fraction in LLDPE
ature, in contrast, must be governed by the random occurrencewhich grows and melts at low temperature is again different
of branch points and corresponds to a broad distribution of from the macromolecules with precise sequence lengths. On
sequence lengths, in agreement with the broad melting rangeheating, it melts over a wide temperature range, reaching from
in Figure 7c. For PE1M, an electron microscopic study of the the beginning of the glass transition into the region of melting
morphology of crystals from solution and melt is available from  of the longer sequences, while PE1M, PODA, PE1E, and PE2M
the work of Lieser et ai! Both crystallization types resulted in  (after sufficient reorganization) can crystallize and melt much
laterally micrometer-sized lamellae of a thickness in the chain more sharply.
direction of 10-20 nm which is supported by low-angle X-ray
diffraction peaks related to a repeat distance of 16.4 nm. Since
the molar mass of PEL1M is identical to the present samples,
the molecules are of an average zigzag length of 183 nm, i.e.,
require chain-folding. The extended-chain sequence length of
21 C atoms for defect-free crystallization, however, is only 2.7
nm. The lamellae, thus, must either include the methyl branches
within the crystals and collect the amorphous phase at the top
and bottom surfaces of the lamellae as a whole or consist of
multiple crystal layers with methyl branches collected between
the layers. Making use of the innermost X-ray-diffraction peaks
at 3—10° not distinguishable in Figure 9, a unit cell with a

4.3. Heat Capacity and Glass Transition. The low-
temperature heat capacities of all solid polymers from pure
polyethylene to copolymers and paraffins could be represented
by their constituent vibrational spectra. For the liquid states,
the contributions from the large-amplitude motion and the larger
external contribution @, — C,) have to be added to the
vibrational heat capacity and give a similarly good!#p.17.38.56
The heat capacities and their use in the extrapolations as
baselines can be seen in Figures8 Next, with the help of
TMDSC, it is possible to separate the thermodynamic heat
capacity in eq 2 from the latent-heat effects. The reversible latent
repeat ok = 5.3 nm was derived which is identical to thexis heats are more difficult to assess than the irreversible ones, as

in the here assumed monaclinic lattice and accounts for a unitWill P€ discussed in section 4.4.

cell length of two repeating units (i.e., a lengthrokequal to Figure 3b suggests equal apparent heat capacities up to about
four in Figure 1). This makes it likely that the methyl groups 360 K for HDPE from DSC and TMDSC. The enlarged scale
are included in the crystals, but collected in defined defect in Figure 3c indicates that a gradual increase in heat capacity
planes?’ different from the randomly branched copolymét&! beyond the 100% crystalline, solid value starts at 230 K. %ﬂ/
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is the beginning (of the major portion) of the glass transitfon.  crystals-LLDPE, PE1E, and PE2Mshow a larger supercool-
The HDPE reaches the end of the glass transition of a sampleing by TMDSC (30, 8, and 20 K) than by DSC (20, 4.1, and
with 70% crystallinity only at about 290 K, typical for the 5.9, respectively). The three other samples (HDPE, PODA,
broadening seen in semicrystalline PEhere is no indication PE1M) show a smaller supercooling by TMDSC (10, 2, and 2
in PE and any other of the here analyzed macromolecules ofK, respectively) than by DSC (17, 7.4, and 8.5 K, respectively).
an additional step in the glass transition which could indicate The answer for these differences lies in the amount of
an amorphous fraction that remains rigid to higher temperature reorganization and recrystallization which occurred in the
(RAF).1The LLDPE in Figure 7c reveals that melting has started samples after initial crystallization and on the slow heating in
already at 230 K, the beginning of the glass transition, and the TMDSC experiment. The initially poorer crystals move the
continues with increasing contribution to the latent heat. The melting to higher temperature than the initially better crystals.
low-temperature melting is fully reversible. The eicosane used In fact, the PODA and PE1M come close to the originally
as the third limiting substance in this discussion is 100% expected zero supercooling of paraffins, expected by TMDSC,
crystalline and has no glass transition outside the melting region, but the crystallization rate is sufficiently slow that no substantial
but note it has a gauchérans contribution to the heat capacity amounts of crystals grow or melt under the time constraints of
within the crystaP® as is also observed for all other PEs and the experiments.

aliphatic polyoxides:®® The poorer crystals of PE1E and PE2M in Figures 5 and 6
The four precisely segmented macromolecules also have glasshow multiple crystallization and melting peaks, indicative of

transitions which begin, as in PE, at about 230 K and are multiple improvements or crystal structures. As seen eatrlier,
broadened due to the crystallinity. For PEIM, PELE, PE2M, cold crystallization does not have a reversing compdiemd
and PODA the upper ends of the glass transitions are at 270,also does not show any in Figure 6c. The multiple melting peaks
265, 265, and 280 K, respectively, with a continuation of the in Figures 5b,c and 6c have only barely noticeable reversing
increase in reversing heat capacity due to melting without components; i.e., they also connect to mainly irreversible
noticeable break (see Figures-@ and 8). The materials with  processes.

the highest crystallinity (PELIM and PODA) have the most  £qr the TMDSC of cooling and subsequent heating of PE2M
broad_ened glass tran_sitions, but overall the broadening is lessy, Figure 6d, two reversing peaks are observed. The first peak
than in PE, suggesting less stress transfer from crystals t0jnyolyes the main crystallization on slow cooling, as is obvious
amorphous phases. Calorimetry of PEIM-22 of Figure 1 also fom Figure 6f which illustrates the underlying irreversible
showed a gradual beginning of the glass transition with an end ¢ystallization. The starting temperature of crystallization is at
of the transition at about 325 K. From the chang&€jat the 303,11 K and defines the above-mentioned supercooling of 20
midpoint of the glass transition (at 317 K), it was concluded g The second peak starts at 287 K, a much larger supercooling
that the higheffy was due to condis crystals contributing to the  of 36 K. The total crystallization was assessed by standard DSC
vitrification.®® after the quasi-isothermal TMDSC on cooling to various
4.4. Melting by TMDSC. The study of the response to temperatures. At 299 K, the temperature of the first peak in
temperature modulation as a function of increasing and decreas+eversing crystallization in Figure 6d, the crystallinity had
ing base temperaturk, shown in Figures 38, permits some reached 10%, much more than estimated from the area of the
additional insight into the nature of the crystals. Initially, one reversing peak €1%). Between the two peaks, at 287 K it
might have expected to see almost full decoupling of the reached 20%, and at the second peak, at 277 K, it was 20.5%.
crystallized segments at the amorphous interface. This would At the end of the second peak, at 269 K, the crystallinity was
have led to fully reversible melting as in eicosane and all 21.6%, and at 217 K, the 31.5% shown in Figure 6a was
decoupled segments shorter than 75@kups?®i.e., including reached. These runs yield an increase in crystallinity by 1.6%
all copolymers discussed in this paper. This is clearly not so. throughout the temperature range of the second reversing peak,
The macromolecular nature still influences the crystals and doesbut from the peak area in Figure 6e, which is the order of
not permit full reversibility. Comparing the DSC and TMDSC magnitude of 0.5%, one can estimate that most of this increase
amplitudes at their respective peak temperatures, as given inin crystallinity is still irreversible. The special observation is
Figures 4-6 and 8, led for the better crystallizing PODA and that some small changes at similar temperatures show also in
PE1M to a reversing amplitude of 3.0 and 6.7%, respectively. the heating traces of Figure 6a,d. One concludes that on faster
For the poorer crystals of PELE and PE2M, the reversing cooling crystallization occurs only at 36 K, supercooling into a
amplitudes are 21 and 29%, respectively. The better the low-temperature crystal form, which on second heating at 10
crystallization, the lower is the reversing fraction, as was K min~! melts at 290.3 K, undergoes cold crystallization, and
observed for many other polymet¥sThe same analysis for finally melts at 316.5 K. On annealing at low temperature, most
HDPE in Figure 3b and LLDPE in Figure 7c yields 15 and of the low-temperature crystals reorganize to a melting peak of
75%, respectively. Comparing these numbers leads to the316—320 K. The reversing fraction of these crystals, however,
possibility that crystal perfection is the most important factor remains, and an intermediate reorganization at 290 and 310 K
governing the reversing melting behavior. The best crystals in is also visible in DSC and TMDSC traces. This complicated
PODA and PE1IM may not show any reversibility, as is also multiphase behavior on crystallization and melting is in accord
seen in extended-chain crystals of polyethylene and poly- with the overlap of diffraction patterns seen in Figure 10.
(oxyethylene¥* and sharply folded crystals of poly(oxy- Additional studies on larger samples with different histories are
ethylene)?? necessary to assign different structures to the various melting

Comparing the overall supercooling between the last notice- P€aks.
able reversing melting and the first reversing crystallization on  The time scales of the reversing changes in latent heat in the
cooling by TMDSC, as quoted in the Results section, to the TMDSC experiments are typically-25 min for r; and 80-
differences between cooling and heating peak temperatures by250 min forz,. The fast relaxation times are governed by the
standard DSC, quoted in the discussion of the phase structurekinetics of melting and crystallization (and contributions of the
shows some interesting differences. The three samples of poorestecovery from the calorimeter lag), while the longer relaxat&)BV
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times are indicative of the continuing reorganization at the of crystallization and also slows the reorganization. There is
chosenTy and crystal improvements which may occur on the much less supercooling in the precisely structured materials with
reversing recrystallization. Once a crystal segment is completely less hindered points of coupling (2.0 K for PODA and PE1M)
melted, i.e., has lost its molecular nucleus or has improved its relative to the HDPE and LLDPE (10 and 30 K, respectively).
crystal to a sufficiently higher melting temperature, it will not In fact, this small supercooling approaches the reversibility of
participate in the subsequent modulation cycles. Again, more the analogous paraffin. Increasing the hindering, as in PE1E
details can be extracted by combining specific samples with and PE2M, this supercooling increases to 8 and 20 K,
modulation experiments of changing frequency and amplitude. respectively. The effect of the microstucture on the supercooling
) is obvious from this comparison. Adding the time effect by
5. Conclusions estimating the supercooling at a fixed cooling raté & min—!

By comparing macromolecules with precisely synthesized followed by heating at 10 K mirt, the microstructure is even
lengths of crystallizable units to a homopolymer and a random more important. The supercooling increases for most samples
copolymer, new insight was gained into the nature of crystal- on the faster cooling, but for PE2M it decreases drastically to
lization, melting, and the decoupling of sequences of 20 CH 59 K due to the crystallization of a lower-melting crystal
groups. First, it was documented that their melting temperature polymorph. For PE1E and LLDPE it decreases moderately to
is in the vicinity of Ty, of the correspondingr-alkane, about 4.1 and 20 K, respectively, due to reduction of the crystal
80—100 K below the melting temperature of the homopolymer. perfection during heating.

Within the variation given, this decrease is independent of the

crystallinity and type of crystal and approximately applies even crystallized homopolymers, is less in the precisely segmented

to the broad peak temperature of the LDPE and LLDPE with 5 mers and approaches zero for the best crystallized samples,
only an average chain length of the crystallizable units. The pyHA ang PELM, estimated at 3 and 6.7% when compared to
entropy effect of mixing and demixing of the defects along t_he the HDPE (15%). The same was seen for sharply folded and
chain seem to play a m“C,h smaller rolg thgn the prystal SIZ€. extended-chain crystals. Having proven earlier that the main
The sharpness of the melting, however, is directly linked to the o\ ersihle melting occurs on the growth faces, this work seems
precision 9f the cham_ segment Iengths. The fa”do"_‘ LLDPE 4 indicate that the points of decoupling of the crystallized
has a continuous melting W|thoqt amajor peak, covering aF’OUt segments are located at the surface and planes of defects which
150 K, while, after slow cooling, the samples of precise o through the molecular chains. If there is no surface that is
sequence lengths have their main meltln_g oceur overZH) traversed by the molecules, as in extended-chain crystals and
K, compared to the homopolymer HDPE with a breadth of about g5y folded crystals, there is no reversible melting beyond

35 ﬁ l-defined orthorhombi | ; . the limit of =75 chain atoms. In the present case both sequence
Tf e ng' ehlne orthor omf ic crysta ZtrUCtIFLe Of HDPE IS on4s may become sufficiently mobile on melting to lose their
not found for the sequences of gfroups, butall have amore  ,qints of decoupling so that the sequence is fully removed from

or Iess_ qlefect pa_raffin-like lateral packing. The P_ElM IS the crystal surface and must be newly nucleated to regrow on
monoclinic, PODA is pseudohexagonal (to orthorhomic), PE1E ¢ cooling portion of the modulation. Since the supercooling

is pseudohexagonal (to triclinic), LLDPE and PE2M have more g iy 5| cases still larger than the0.5 K modulation and the
than one crystal structure (orthorhombie hexagonal and ¢y ctaliization is much slower at low supercooling than the
triclinic + hexagonal(?), respectlvely)..The _PEIM-22 also haS melting on small superheating, the melting remains still largely
two crystal structures, bo.th ,W'th X-ray diffraction patterns which irreversible, moving the length of reversible melting to much
arise from both the esteimide and alkane segments, with the ¢4 tar chain length.

alkane segment being largely hexagonal. Better crystallized . .
g g argely g y p The larger amounts of reversible melting seen for LLDPE,

sequences seem to be able to include some of the smaller branc ; .
units by increasing the unit cell dimensions. All samples PE2M, and PE1E, estimated to be 75, 30, and 21%, respectively,

remained semicrystalline and retain on slow crystallization 40 may be due to the much short_er sequences in LLDP.E mel_tlng
65% of the crystallinity of HDPEA75%). For PEIM-22 and at low temperature and the existence of more effective points
PE1M, a sublayer structure was proven, separating a IamellarOf decoupling in all three polymers.
superstructure from 3 to 4 layers of alkane (condis) crystals. Overall, it is concluded that the precise microstructure, the
The decoupling between the sequences along the backbondhase structure, and the intrinsic slowing of diffusion to and
or from backbone to side group thus may have to be distin- from the crystallization site in macromolecules need to be
guished into decoupling at the surface of the lamellar fold understood to interpret the differences of the analyzed samples.
surface superstructure and the internal layers after every 18 For a thermodynamic description, the nature of the points of
22 CH, sequence. The fold surface is linked to the macromo- decoupling which may lie on the surface of a lamellar
lecular nature of the overall molecule and the internal surface superstructure or within the crystals must be established. At least
to the analogous paraffin. The crystals are thermodynamically for PEIM (and PEIM-22) both are present. Similar structures
decoupled from the amorphous segments, but the points ofare likely for PODA, PE1E, and PE2M, although their defect
decoupling transmit strains due to restrictions of volume and planes would be more strained.
conformation, as is documented by the glass transition and its
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