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Stephanie!F.!Marxsen a,!Manuel!Häußler b,!Marcel!Eck b,!Stefan!Mecking b,!Ru"na!G.!Alamo a,*!

a FAMU-FSU!College!of!Engineering,!Department!of!Chemical!and!Biomedical!Engineering,!2525!Pottsdamer!St,!Tallahassee,!FL,!32310,!USA!
b Department!of!Chemistry,!University!of!Konstanz,!Universitätsstraße!10,!78457,!Konstanz,!Germany!!!
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A B S T R A C T ! !

We!have!studied! the! isothermal!overall! crystallization! rates!and! linear!growth! rates!of! four! symmetric! long-!
spaced! aliphatic! polyesters! (LSAPEs)!with! 12,! 18,! 32,! or! 48! carbons! in! both! the! diol! and! the! diacid!mono-
mers.!With!increasing!crystallization!temperature!(Tc)!these!LSAPEs!display!discrete!rate!minima!in!a!number!
and!depth!that!depend!on!the!length!of!the!methylene!spacer!between!esters.!Two!rate!minima!are!observed!for!
PE-48,48!and!for!PE-32,32;!one!for!PE-18,18!and!none!for!PE-12,12.!The!rate!minima!are!not!associated!with!a!
change!in!the!mechanism!of!nucleation!and!growth!or!with!a!change!in!crystal!packing,!but!occur!at!Tc!where!the!
crystal!thickness!transitions!from!a!non-integer!to!a!quantized!integer!number!of!monomer!units.!We!explain!
such!rate!minima!based!on!the!self-poisoning!feature!used!earlier!to!explain!similar!"ndings!in!n-alkanes!and!other!
types!of!precision!polyethylene-like!systems.! In!LSAPEs,!metastable!non-integer!crystals!attach!to!the!growth!
front!of!stable! integer!crystals!retarding!their!growth!until!the!non-integer!segments! thicken!to!complete!the!
layer.! Lack! of! rate!minima! in! the! shortest-spaced! symmetric! polyester! is! explained! by! a! small! difference! in!
lamellar! thickness! between! non-integer! and! integer! layered! crystals! which! favors! the! formation! of! integer!
crystals!at!any!Tc.!!!

1. Introduction!

The!terminology!“long-chain” or!“long-spaced” aliphatic!polyesters!
(LSAPE)!usually!refers!to!polyesters!with!≥14!consecutive!methylenes!
between!ester!bonds![1].!These!polyesters!have!melting!temperatures!
close!to!or!higher!than!100!◦C,!relatively!high!levels!of!crystallinity,!and!
the!continuous!long!methylene!sequences!confer!properties!similar!to!
those!of!many!commercial!polyethylenes.!Moreover,!unlike!most!poly-
ethylenes,! the! monomers! can! be! obtained! from! biosources,! and! the!
in-chain!ester!groups!can!be!hydrolyzed!in!principle,!thus!adding!the!
possible!bene"t!of!either!biodegradation,!or!closed-loop!recyclability!as!
recently!demonstrated![2,3].!LSAPEs!and!other!types!of!aliphatic!poly-
esters! have! been! identi"ed! as! sustainable! alternatives! to! commodity!
polymers! synthesized! from! fossil! fuels.! In! addition! to! biodegradable!
bioplastics! produced! in! large! scale,! such! as! polylactic! acid,! poly!
(butylene-adipate-co-terephthalate),! poly(hydroxy! alkanoates)! and!
poly! (butylene! succinate)! [4,5],! biodegradable! aliphatic! polyesters!
could! be! used! to! manufacture! products! that! alleviate! the! problems!
associated!with!discarded!plastics!made!of!traditional!poorly!recyclable!
and! nondegradable! polyethylenes! [6].! Poly(alkylene! dicarboxylate)s!

have!been!synthesized!via!different!methods![7–10],!reaching!up!to!48!
carbons!in!the!aliphatic!sequences!of!both!the!diol!and!the!diacid![11].!

In! parallel!with! synthetic! efforts,! the!melting! behavior! and! some!
crystalline!properties!of!mainly!short-spaced!aliphatic!polyesters,!have!
also!been!analyzed!in!some!detail![12–25].!For!a!"xed!number!of!car-
bons! in! the! diol,! with! increasing! carbons! in! the! diacid,! the!melting!
temperature!"rst!decreases!sharply!reaching!a!minimum!at!3!carbons,!
and!then!increases!in!a!zig-zag!pattern!between!even!(higher!melting!
points)!and!odd!(lower!melting!points)!number!of!carbons![1,26].!The!
melting! point! difference! between! even! and! odd-spaced! ester! groups!
becomes! smaller! with! increasing! number! of! carbons! and! eventually!
vanishes!for!> ~10!carbons!between!esters,!but!the!melting!point!con-
tinues! to! increase! as! the! length! of! the! methylene! spacer! increases!
approaching!the!melting!temperature!of!linear!polyethylene.!The!zig-zag!
melting!effect!of!aliphatic!polyesters!may!originate!from!ester!dipoles!in!
the! layered! crystalline! regions! pointing! in! either! the! opposite! (even!
carbon!numbers),!or!in!the!same!(odd!number!of!carbons)!direction.!The!
result!is!a!cancelation!of!polarization!in!the!crystal!for!the!even!spaced,!
or!an!increase!in!polarization!for!the!odd!spaced,!which!affects!crystal!
stability! and! the! melting! behavior! of! poly(alkylene! dicarboxylate)s!

* Corresponding!author.!
E-mail!address:!alamo@eng.fsu.edu!(R.G.!Alamo).!!

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1nec6huoormc46

Erschienen in: Polymer. Elsevier. 2023, 282, 126181 
https://doi.org/10.1016/j.polymer.2023.126181 



accordingly![1,26].!As!the!number!of!carbons!in!the!diacid!increases,!the!
interchain!CH2!Van!der!Waals!interactions!compensate!for!the!polari-
zation!effect,!and!the!odd-even!effect!on!melting!vanishes.!

While!the!polarization!effect!may!be!a!contributor!of!the!odd-even!
effect! on! polyester! melting,! the! con"guration! of! consecutive! ester!
groups!with!respect!to!the!even!or!odd!methylene!runs!also!affects!the!
staggering! of! the! ester! groups! in! crystalline! layers,! and! thus! must!
contribute!as!well!to!the!odd-even!effect!on!melting.!An!example!of!the!
latter!is!the!well-known!odd-even!effect!on!melting!of!n-alkanes![27,28].!
While!most!even!spaced!polyesters!pack!in!all-trans!orthorhombic!unit!
cells,!the!short-spaced!polyesters!with!odd!number!of!carbons!(<5!C)!
pack! in! monoclinic! structures! [12,24,25,29–34].! Some! of! the!
odd-spaced!polyesters!pack!in!orthorhombic!structures!with!kink!con-
formations![24].!

The! crystalline!properties! of!LSAPEs,! those!with!>10!CH2! in!diol!
and/or!diacid,!are!less!studied.!First,!the!available!data!for!these!systems!
is!limited!due!in!part!to!synthetic!dif"culties,!and!because!quite!often!the!
focus!was!on!rapid!biodegradability,!which!diminishes!in!the!increas-
ingly!hydrophobic!polyesters!with!longer!CH2! sequences![35,36].!The!
study!of!crystallization!kinetics!and!the!crystalline!structure!that!poly-
esters!develop!on!cooling! from!the!melt! is!also! important! in!view!of!
possible! commercial! viability.! Most! available! kinetic! studies! are! for!
short!type!aliphatic!polyesters![16–21].!Among!LSAPEs,!crystallization!
kinetics!have!been!studied! in!polytridecanolactone!(PE-13)!and!poly-
pentadecanolactone!(PE-15)![37,38],!as!well!as!in!systems!derived!from!
1,9-nonanediol![39].!

The!isothermal!crystallization!rates!measured!by!DSC!in!PE-13!and!
PE-15!displayed!a!continuous!decrease!with!increasing!crystallization!
temperature! (Tc).! The! analysis! of! the! rates! according! to! secondary!
nucleation! theory! indicated! a! transition! from! Regime! I! to! II! with!
increasing!undercooling,!and!slopes!in!agreement!with!the!theoretical!
predictions.!The!spherulitic!morphology!also!changed!from!axialites!to!
banded! spherulites! with! increasing! undercooling! [38].! Moreover,!
regime! transitions! were! not! found! in! the! analysis! of! the! spherulitic!
growth! rates! of! the! odd-spaced! polyesters! PE-9,9! and! PE-9,7! [39].!
Avrami!analysis!of!the!DSC!exotherms!recorded!under!isothermal!con-
ditions!indicated!exponents!~3,!which!are!consistent!with!the!expected!
heterogeneous! athermal!nucleation! and! three-dimensional! spherulitic!
growth.!All!had!wide-angle!X-ray!diffraction!patterns!equivalent!to!the!
orthorhombic!packing!of!polyethylene.!

Contrasting! the!above!behavior,! the! isothermal!overall!and! linear!
growth!rates!of!polyethylene!brassylate,!a!short-long!type!of!aliphatic!
polyester!PE-2,13,!also!referred!to!as!PEB,!display!discrete!deep!minima!
at!crystallization!temperatures!where!the!crystal!thickness!undergoes!a!
quantized!step!increase!equivalent!to!the!length!of!a!monomer!unit![40].!
Two! rate! minima! were! observed! at! Tc! = 40! ◦C! corresponding! to! a!
transition!between!2!and!3!repeats,!and!at!Tc!= 60!◦C!when!the!crystal!
thickness! changes! from!3! to!4!monomer! repeats.!WAXD!patterns!are!
conserved!in!the!whole!isothermal!crystallization!range,!thus!ruling!out!
any! thermally-induced! polymorphic! change! at! the!Tc!where! the! rate!
minima!are!observed.!Such!rate!minima!observed!in!PEB!are!equivalent!
to! the! behavior! of! n-alkanes! and! low-Mw! PEO! fractions,! and! were!
explained! by! the! manifestation! of! self-poisoning! [41–44].! At! Tc!
approaching! a! rate!minimum! from! above,!metastable! but! kinetically!
favored!non-integer!segments!attach!to!the!growth!front!integer!thick!
crystals.!Moreover,! the!metastable! segments! need! to! thin! or! thicken!
toward!the!stable!structure!with!an!integer!number!of!repeats.!Hence,!it!
was!perceived!that!the!attached!metastable!segments!extend!in!the!chain!
axis!to!complete!the!more!stable!integer!crystalline!layer!for!growth!to!
proceed.! Such! rearrangement! takes! some! time! and! retards! crystal!
growth,!as!observed![40].!Evidence!of!the!metastability!of!non-integer!
crystals!of!LSAPEs!was!given!in!a!prior!work!which!demonstrated!that!
non-integer!crystals!undergo!isothermal!step-thickening!with!time!to-
ward!the!integer!layered!crystal!structure![45].!

Rate!minima!were!also! found! in!other!polyethylene-like!materials!
with! either! halogens! [46,47]! or! acetal! groups! [48–50]! inserted! in!

polyethylene!backbones!at!equal!distances!changing!between!6!and!26!
CH2.!Interestingly,!in!addition!to!a!possible!change!in!crystal!thickness!at!
the!rate!minima!as!found!in!some!of!the!polyacetals![49],!we!observed!a!
major! polymorphic! transition! at! crystallization! temperatures! corre-
sponding!to!the!rate!minima.!Furthermore,!a!deep!minimum!in!heat!of!
fusion!is!also!found!in!the!narrow!Tc!range!of!the!rate!minima,!indicating!
that! low! levels! of! crystallinity! develop! at! the! transition! between!
different! polymorphs! or! between! structures! with! quantized! crystal!
thicknesses.!Clearly,!the!rate!minima!are!associated!with!low!crystal-
linity!kinetic!traps!that!may!be!of!practical!relevance!in!melt-processing!
of!polyethylene-like!materials.!

The!manifestation!of!crystallization!rate!minima!is!independent!of!
molecular!weight,!as!demonstrated!by!the!same!behavior!of!three!PEB!
samples!studied!in!a!range!of!Mw! from!27,000!to!188,000!g/mol![40].!
Therefore,!the!above!extended!studies!point!to!a!general!behavior!for!the!
crystallization!kinetics!of!precision!polyethylene-like!materials.!The!ki-
netics!are!characterized!by!discrete!rate!minima!in!a!narrow!range!of!
crystallization!temperatures!where!the!system!transitions!between!two!
energetically!inequivalent!crystal!structures!differing!in!crystallographic!
packing!or!in!quantized!crystal!thicknesses.!

In!the!present!manuscript,!we!continue!our!studies!of!crystallization!
kinetics! of! polyethylene-like! materials! by! selecting! a! series! of! even-!
spaced! symmetric! LSAPEs.! Data! for! overall! crystallization! rates!
measured!by!DSC!and!FSC,!and! for! linear!growth! rates!measured!by!
polarized!optical!microscopy!are!discussed!for!LSAPEs!with!48,!32,!18,!
or! 12! carbons! in! both! the! diol! and! the! diacid! components! of! their!
repeating! units.! With! this! even-spaced! series! of! LSAPEs! we! avoid!
possible! odd-even! complications! and! thus! analyze!more! directly! the!
effect!of!a!decreasing!number!of!carbons!between!esters!in!the!crystal-
line!layered!structure,!the!crystallization!kinetics,!and!in!the!manifes-
tation!of!rate!minima.!

2. Experimental!section!

2.1. Materials!

The! LSAPEs! studied! here! were! synthesized! by! A2! + B2! poly-
condensation,!with!diol!and!diacid!components!each!containing!12,!18,!
32,!or!48!carbon!atoms,!as!described!previously![2,11].!Molar!mass!and!
DSC!thermal!characterization!data!recorded!at!10!◦C!min 1!are!shown!in!
Table!1.!Thermograms! from!which! the! thermal! characterization!data!
were!obtained!were!discussed!in!prior!works![45,51]!and!together!with!
new!data!for!PE-12,12,!are!shown!in!Fig.!S1.!

2.2. Thermal!analysis!

Isothermal! crystallization! experiments! were! conducted! in! a! TA!
Q2000!differential!scanning!calorimeter!(DSC)!connected!to!an!RC900!
intracooler! to! allow! for! subambient! temperature! control.! Static! tem-
perature,!thermal!lag,!and!heat!of!fusion!were!calibrated!with!indium,!
and!operation!occurred!under!dry!N2!#ow.!The!onset!of!the!exotherm!
recorded!by!cooling!from!the!melt!at!10!◦C!min 1!was!used!as!a!low!
temperature! limit! for! the! isothermal! temperature! range! studied.! To!
capture!exotherms!during!isothermal!crystallization,!samples!were!"rst!
brought!to!150!◦C!(or!> 30!◦C!above!the!observed!melting!peak),!held!for!
5!min!to!erase!thermal!history,!and!then!cooled!at!a!rate!of!40!◦C!min 1!

to!the!isothermal!crystallization!temperature,!Tc.!After!holding!at!Tc!for!
long! enough! to! capture! the! full! exotherm,! or! another! predetermined!
crystallization!time,!samples!were!heated!from!the!Tc!at!10!◦C!min

1!to!
observe! the! melting! endotherm.! The! overall! crystallization! rate! was!
associated!with!the!inverse!of!the!peak!time!of!the!crystallization!exo-
therm,!(t0.5

1).!
Fast!scanning!calorimetry!(FSC)!was!used!to!extend!the!isothermal!

crystallization!range!to!higher!undercooling!than!available!via!classical!
DSC.!We!used!a!Mettler!Toledo!Flash!DSC!1!connected!to!a!Huber!TC100!
intracooler! and! operated! under! dry! N2! #ow.! FSC! sensors! were!



conditioned! and! temperature! corrected! according! to! manufacturer!
speci"cations!prior!to!loading!~40!ng!of!the!sample.!The!temperature!
correction!was!applied!on!each!empty!chip!in!a!range!between! 50!◦C!
and!170!◦C!for!all!LSAPEs!studied.!The!correction!was!performed!only!
after!the!stage!was!stable!at!a!temperature!of! 50!◦C.!Optimal!sample!
placement!was!achieved!with!the!assistance!of!a!Leica!M60!microscope!
and!a!CCD! IC90!camera.!Good! sample-chip! contact!was!achieved!by!
cycling!melting!and!cooling!until!reproducible!data!were!obtained,!and!
further! con"rmed!by! comparing! the! crystallization! and!melting! tem-
peratures!obtained!by!DSC!and!by!FSC!at!60!◦C!min 1.!Data!from!DSC!
and!from!FSC!agreed!±0.5!◦C.!The!same!thermal!protocols!implemented!
with!DSC!for!isothermal!crystallizations!were!used!in!FSC,!except!that!
the!cooling!and!heating!rates!used!were!2000!and!100!K/s,!respectively.!
The!overall!crystallization!rate!was!taken,!as!in!DSC,!as!(t0.5

1).!
When! the! crystallization! process! becomes! too! slow! there!may! be!

insuf"cient!sensitivity!in!either!FSC!or!DSC!to!capture!the!exothermic!
peak.!In!such!cases,!the!isothermal!crystallization!at!Tc!was!halted!at!
different!times!and!melting!was!recorded!from!Tc.!The!endotherms!along!
the!isothermal!crystallization!were!used!to!determine!crystallization!rate!
values.! This! was! done! by! taking! the! area! of! the! melting! peak! as! a!
function! of! crystallization! time! (tc);! a! process! which! results! in! a!
sigmoidal!curve!from!which!we!obtained!the!time!to!obtain!half!of!the!
transformation,!t0.5.!

2.3. Fourier-transform!infrared!spectroscopy!(FTIR)!

To!collect!kinetic!data!at!the!highest!Tc!for!PE-18,18,!the!increase!in!
area!of!the!crystalline!absorbance!bands!at!826,!921,!and!1028!cm 1!was!
followed!as!a!function!of!time![52].!The!value!of!t0.5!was!extracted!from!
the! sigmoidal! increase! of! the! absorbance! with! crystallization! time.!
Spectra!were! collected! in! real! time! during! isothermal! crystallization!
using!a!Thermo!Scienti"c!Nicolet! iS50!spectrometer!equipped!with!a!
DTGS!KBr!detector.!OMNIC!software!was!used!for!instrument!control!
and!peak!analysis.!The!spectrometer!was!operated!in!absorption!mode!
within!wavenumbers!of!4000!and!400!cm 1!with!2!cm 1!resolution.!A!
thin!"lm!(~50!μm)!of!PE-18,18!was!melted!onto!an!~0.2!mm!thick!KBr!
pellet,! which! was! then! placed! inside! a! Linkam! hot! stage! with! ZnSe!
windows! and! connected! to! a! TMS94! temperature! programmer.! The!
same!thermal!protocols!as!described!above!for!DSC!work!were!used!to!
follow!the!isothermal!crystallization!at!desired!Tc.!

2.4. Polarized!optical!microscopy!(POM)!

Polarized!optical!micrographs!were!collected!using!a!BX51!Olympus!
microscope!equipped!with!a!DP72!Olympus!digital!CCD!camera.!Cell-
Sens! software! provided!by!Olympus!was!used! to! record! and!analyze!
isothermal! spherulitic! growth.! The! linear! variation! of! the! radius! or!
diameter!of!at!least!three!spherulites!with!increasing!crystallization!time!
at!Tc!was!used!to!obtain!growth!rates,!G.!The!same!thermal!protocols!as!
for!FTIR!and!DSC!were!followed;!temperature!was!controlled!using!a!
Linkam!hot!stage.!

2.5. X-ray!analysis!

Small-angle!X-ray!scattering!(SAXS)!and!wide-angle!X-ray!diffraction!
(WAXD)!patterns!were! simultaneously!collected!at! room!temperature!
using! a! Bruker! Nanostar! diffractometer!with! an! Incoatec!microfocus!
(IμS)!X-ray!source.!The! incident!X-ray!beam!was!a!Cu!Kα line!with!a!
wavelength!λ = 1.5418!Å.!To!prepare!isothermally!crystallized!samples!
for!X-ray!analysis,!the!above-mentioned!thermal!protocol!was!followed!
in!the!DSC,!omitting!melting!after!the!isothermal!crystallization!step.!
Rather!than!melting,!samples!were! instead!quickly!cooled! from!Tc! to!
room!temperature!and!brought!to!the!X-rays.!Baseline!correction!was!
applied! to!all! SAXS!patterns!by! subtracting! the!pattern!of! the!empty!
sample! holder.! A! Lorentz-correction!was! further! applied! to! all! SAXS!
patterns! to! determine! the! long! period,! L.! The! normalized! one-!
dimensional! correlation! function! (CF)! was! also! applied! to! the! "rst!
order!SAXS!peak!and!used!to!estimate!L!and!the!crystal!thickness,!lc![53,!
54].!The!method!described!by!Goderis!and!discussed!by!us!previously!
was!used!to!extrapolate!experimental!SAXS!data!to!0!and!in"nite!scat-
tering!vector,!q![45,55].!The!scattering!vector!is!q!= 4π sinθ/λ,!with!2θ as!
the!scattering!angle.!

2.6. Atomic!force!microscopy!(AFM)!

AFM!height,! amplitude,! and!phase! images!were! collected!using!a!
Multimode!8!with!a!Nanoscope!V!controller!operating!in!tapping!mode!
in! air! under! ambient! conditions.! Samples!were! scanned!with! silicon!
probes!with!a!nominal!resonant!frequency!of!77!kHz!and!spring!constant!
2.8! N! m 1.! Lamellar! thickness! values! were! measured! from! #at-on!
lamellae! in! the!height! image!mode.!Samples!were!prepared! for!AFM!
analysis!by!placing!a!thin!"lm!on!a!single!glass!coverslip,!melting,!and!
crystallizing!it!isothermally!at!the!desired!Tc!using!a!Linkam!hot!stage!
followed!by!quenching!to!room!temperature.!

3. Results!and!discussion!

3.1. Overall!crystallization!rates!

Crystallization!exotherms!for!PE-48,48!(a),!PE-32,32!(b),!PE-18,18!
(c),!and!PE-12,12!(d)!as!a!function!of!increasing!isothermal!crystalliza-
tion!temperature,!Tc,!are!shown!in!Fig.!1.!The!top!panels!(a)!– (d),!show!
data!collected!using!DSC!and!the!bottom!panels,!(e)!– (h),!show!data!
collected!at!lower!Tc!using!FSC.!The!very!fast!cooling!rates!possible!with!
FSC!enable!expansion!of!the!Tc!range!to!lower!values,!which!is!useful!for!
complete!analysis!of!these!LSAPEs.!For!all! four!LSAPEs!in!the! low!Tc!
range,!the!time!for!complete!transformation!increases!with!increasing!
Tc;! the! expected! behavior! following! classical! nucleation! theory.! This!
expected! increase! in! crystallization! time!with! increasing!Tc! is!main-
tained!over! the!entire! range!of!Tc! accessible!via!FSC!and!DSC! in! the!
shorter-spaced!polyesters!PE-12,12!and!PE-18,18.!In!PE-48,48!and!PE-!
32,32,!however,!an!unusual!behavior!as!a!function!of!increasing!Tc! is!
observed,!as!demarcated!by!the!red!thermograms!in!Fig.!1(a),!(b),!and!
(f).!

Looking!"rst!at!PE-48,48!(in!Fig.!1(a)),!within!a!very!small!range!of!

Table!1!
Molar!mass!and!thermal!characterization!of!long-spaced!aliphatic!polyesters.!!

Sample! Ester!groups!per!100!CH2! Mw![kg!mol
1]! Mw!Mn

1! Tc!peak[◦C]!
d! Tm!peak[◦C]!

d! ΔHm[J!g
1]!d!

PE-48,48! 2.1! 26!a! 1.9! 108.8! 117.8! 180!
PE-32,32! 3.2! 77!a! 2.5! 99.8! 110.9! 160!
PE-18,18! 5.9! 90!b! 1.9! 85.6! 97.8! 143!
PE-12,12! 9.1! 80!c! 2.5! 71.2! 83.9! 126!!

a Determined!by!GPC!at!160!◦C!in!1,2,4-trichlorobenzene!against!polyethylene!standards.!
b Determined!by!GPC!at!160!◦C!in!1,2-dichlorobenzene!against!polystyrene!standards.!
c Determined!by!GPC!at!35!◦C!in!chloroform!against!polystyrene!standards.!
d Highest!crystallization!peak!(Tc!peak),!highest!melting!peak!(Tm!peak),!and!observed!total!heat!of!fusion!(ΔHm)!obtained!by!DSC!at!10!◦C!min

−1.!



Tc,!from!112.8!to!113!◦C!(i.e.,!only!0.2!◦C),!the!crystallization!time!in-
creases!dramatically,!from!~70!min!to!complete!the!full!exotherm!to!>
800!min.!Upon! increasing!Tc! further! from! 113.2! until! 113.8! ◦C,! the!
crystallization!time!decreases!to!just!237!min,!indicating!a!faster!overall!
crystallization!rate!at!higher!Tc!contrary!to!the!predictions!of!nucleation!
theory.!For!Tc!above!113.8!◦C,!crystallization!time!increases!with!Tc!once!
again,!thus!returning!to!expected!behavior.!Interestingly,!in!PE-32,32,!
there!are!two!inversions!in!the!variation!of!peak!time!with!increasing!
Tc,!the!"rst!is!observed!in!FSC,!Fig.!1(f),!over!a!Tc!range!of!96.5–98.5!◦C,!
and! the! second! is! in! the! DSC! data,! Fig.! 1(b),! over! a! Tc! range! of!
107–108!◦C.!

To!illustrate!the!inversions!in!the!temperature!gradient!of!the!crys-
tallization!time!observed!in!Fig.!1!quantitatively,! it! is!constructive!to!
plot!the!overall!crystallization!rate,!taken!as!ln(t0.5

1)!where!t0.5!is!the!time!
to! peak! of! the! exothermic! transformation! (equivalent! to!half-time!of!
crystallization),!as!a!function!of!Tc.!This!is!shown!in!Fig.!2!for!all!four!

LSAPEs;!data!collected!using!FSC!are!shown!as!open!symbols,!while!data!
collected! using!DSC! are! "lled! symbols.! There! is! in! general! excellent!
agreement!between!the!crystallization!rate!data!collected!using!FSC!and!
DSC.!The!latter!demonstrates!the!advantage!of!using!these!techniques!to!
extend!the!crystallization!range!to!much!lower!temperatures!while!using!
fast! cooling! rates! equivalent! to! those! used! in! industrial! processes.!
Minima!in!the!overall!crystallization!rate!are!clearly!observed!for!PE-!
32,32!at!97!and!107.8!◦C,!while!a!rate!discontinuity!and!a!deep!mini-
mum!are!observed!for!PE-48,48!at!~104!and!113.2!◦C,!consistent!with!
the!exotherms!of!Fig.!1.!

In!PE-18,18,! there!appears! to!be! a!discontinuity! in! the! rate! at!Tc!
between!86!and!87!◦C!which!could!be!associated!with!a!shallow!rate!
minimum.!This!behavior!would!not!be!visible!in!the!exotherms!of!Fig.!1!
(g)!because!by!FSC!the!exothermic!heat!#ow!is!small!and!spreads!over!a!
wide! time! range! at! these! high! temperatures,! making! it! unviable! to!
determine!t0.5.!Instead,!the!FSC!rate!data!shown!in!Fig.!2!for!Tc!> 84.5!◦C!
in!PE-18,18!were!determined!using!the!endotherm!method!described!in!
the!experimental!part!(see!Fig.!S2).!Since!this!“break” in!the!variation!of!
the!crystallization!rate!with!temperature!occurs!at!the!intersection!of!
accessible!Tc! in!FSC!and!DSC!(corresponding!to!t0.5!on!the!order!of!1!
min),! it! is! not! possible! to! rule! out! instrumental! uncertainties! in! the!
determination!of!t0.5!in!this!Tc!range.!However,!support!for!the!shallow!
crystallization!rate!minimum!of!PE-18,18!is!that!both!FSC!and!DSC!data!
shown!in!this!region!are!repeatable,!and!that!there!is!excellent!agree-
ment!between!the!melting!temperatures!collected!on!heating!at!the!same!
rate!in!both!instruments.!Conversely,!in!agreement!with!the!crystalli-
zation!rate!data!of!PE-15![37,38],!the!data!for!PE-12,12!show!the!typical!
monotonic! decrease! in! overall! crystallization! rate!with! increasing!Tc!
devoid!of!discontinuities!or!rate!minima.!

Similar!minima!to!those!seen!in!Fig.!2!for!PE-48,48!and!PE-32,32!in!
the! overall! crystallization! and/or! linear! growth! rates! have! been!
observed!previously!in!various!systems,!including!long-chain!n-alkanes!
[41–43],! methyl-terminated! low! molecular! weight! fractions! of! PEO!
[44],!precision!polyethylenes!with!bromine![47],!long-spaced!precision!
polyacetals! [49,50],! and! short-spaced! aliphatic! polyesters! [56–60].!
Most!recently,!we!observed!crystallization!rate!minima!in!the!short-long!
aliphatic!polyester,!PEB![40].!Although!the!precise!interpretation!of!the!
minima!or!discontinuities!in!the!crystallization!rate!vary!among!these!
systems,! they! have! in! common! that! the! break! in! kinetics! occurs!
concomitant!with!some!polymorphic!or!crystalline!structural!transition.!

Our!previous! studies!have!demonstrated! that! LSAPEs!develop! the!
same!apparent!orthorhombic!unit!cell!in!the!whole!range!of!Tc,!above!

Fig.! 1. Selected! crystallization! exotherms! collected!
as!function!of!time!during!isothermal!crystallization!
at! the! indicated! temperatures,! Tc,! for! (a!&! e)! PE-!
48,48,!(b!&! f)!PE-32,32,!(c!&!g)!PE-18,18,!and!(d!&!
h)!PE-12,12.!Red!thermograms!highlight!the!reverse!
trend!of!the!time!to!peak!with!increasing!Tc! for!PE-!
48,48!and!PE-32,32.!(a–d)!and!(e–h)!were!collected!
using! DSC! and! FSC,! respectively.! Data! have! been!
vertically!shifted!for!clarity,!and!some!exotherms!are!
multiplied!by!a!constant!factor!to!show!better!the!low!
heat! #ow! transitions.! (For! interpretation! of! the! ref-
erences!to!colour!in!this!"gure!legend,!the!reader!is!
referred!to!the!Web!version!of!this!article.)!!!

Fig.!2. Overall! crystallization! rate!expressed!as! the!natural! logarithm!of! the!
inverse!half-time!of!crystallization,!t0.5,!as!a!function!of!Tc!for!PE-48,48!(green!
circles),! PE-32,32! (purple! diamonds),! PE-18,18! (red! squares)! and! PE-12,12!
(pink! triangles).! Data! collected! using! DSC! are! shown! as! "lled! symbols! and!
those!collected!using!FSC!are!shown!as!open!symbols.!Additional!data!for!PE-!
18,18! were! collected! using! FTIR! and! are! shown! as! black,! open! squares.!
Dashed!lines!between!data!points!are!drawn!to!guide!the!eye!to!the!observed!
trends.!(For!interpretation!of!the!references!to!colour!in!this!"gure!legend,!the!
reader!is!referred!to!the!Web!version!of!this!article.)!



and!below! the!observed! rate!minimum! in!Fig.!2! [45,52].!Hence,! the!
minima! cannot! be! associated! with! a! change! in! crystal! packing.!
Furthermore,! the! same! LSAPEs! develop! unlayered! crystallites! when!
rapidly! cooled! from! the!melt! to! room! temperature.! On! heating,! the!
unlayered! crystals,! with! ester! groups! randomly! arranged! inside! the!
crystals,!transform!to!the!ester-staggered!layered!type!at!temperatures!
between!45!and!60!◦C![52].!Since!in!this!range!the!temperatures!are!
much!lower!than!where!the!rate!minima!are!observed!in!Fig.!2,!the!rate!
minima! cannot! be! related! to! the! unlayered-layered! transition! either.!
Moreover,!the!two!rate!minima!shown!in!Fig.!2!for!PE-32,32!are!anal-
ogous!to!the!two!minima!observed!in!PEB!which!we!associated!with!a!
change!between!quantized!crystal!thicknesses!with!increasing!Tc,![40].!
Hence,!the!PE-32,32!minima!are!likely!associated!with!a!similar!tran-
sition!to!thicker!crystals!with!an!integer!number!of!ester!layers.!

Interestingly,!the!data!of!Fig.!2!also!indicate!that!not!only!is!the!rate!
of! crystallization! displaced! to! lower! Tc! with! decreasing! methylene!
spacer,!but!the!crystallization!rate!minima!of!symmetric!LSAPEs!become!
more!dif"cult!to!observe!with!decreasing!methylene!sequence!length.!
Namely,!while!two!rate!minima!are!observed!for!PE-48,48!and!PE-32,32,!
only!one!is!observed!for!PE-18,18!and!none!for!PE-12,12.!Some!rationale!
for!such!a!trend!is!found!from!estimates!by!linear!extrapolation!of!the!
observed! temperatures! at! the! rate!minima!versus!number!of! carbons!
between!consecutive!esters!(Fig.!S3).!The!estimated!values!for!the!high!
Tc! rate! minima! are! ~103! and! ~101! ◦C! for! PE-18,18! and! PE-12,12!
respectively,! which! from! Fig.! 2!would! be! too! high! temperatures! for!
the!minima! to! be! experimentally! observed.! Nonetheless,!we! tried! to!
acquire!rate!data!for!PE-18,18!at!higher!Tc!using!FTIR!with!the!method!
described!in!the!experimental!section!(Fig.!S4).!The!results!are!added!as!
open!squares!in!Fig.!2!and!match!the!rate!data!obtained!by!DSC.!Clearly,!
the!rates!for!Tc!> 95!◦C!become!unduly!long!as!those!Tc!are!only!~2!◦C!
below!the!observed!melting!peak.!A!similar!linear!extrapolation!yields!
an!estimate!of!85!◦C!for!the!low!Tc! rate!minimum!of!PE-12,12!which!
from!Fig.!2!is!also!a!too!high!Tc.!Hence,!we!conclude!that!with!decreasing!
CH2! spacer! there! is! a! trend! toward! shallower! and! eventually! dis-
appearing!crystallization!rate!minima!in!symmetric!LSAPEs.!

Schick!and!coworkers!used!FSC!to!study!the!overall!crystallization!
rate!of!iPP!and!different!polyamides!at!high!undercooling!and!detected!a!
minimum!in!the!rate!at!temperatures!(Tc)!approaching!the!glass!tran-
sition!temperature!(Tg)![61,62].!The!systems!studied!develop!a!meso-
morphic!structure!when!solidi"ed!from!the!melt!at!large!undercooling!
and!a!more!ordered!crystal!form!at!lower!undercooling.!The!observed!
rate!minimum!occurs!at!the!transition!temperature!between!the!crystal!
and!the!mesophase!and!was!interpreted!as!a!change!from!heterogeneous!
to! homogeneous! nucleation.! Support! for! this! argument!were!Avrami!
exponents!(n)!for!Tc!above!and!below!the!rate!minimum!changing!from!3!
to! 4! respectively! and! a! morphological! change! from! spherulitic! to! a!
nodular! structure.! It! was! perceived! that! at! high! Tc! heterogeneities!
commonly!present!in!polymer!melts!act!as!athermal!nuclei!and!polymer!
crystals! grow! from! these! sites! as! spherulites! (n! = 3),! while! at! Tc!
approaching!Tg! the!energy!barrier! for!developing!polymer!self-nuclei!
may!be! suf"ciently! low! to!generate!profuse!nuclei!at!a!constant! rate!
(n!= 4).!The!experimental!rate!data!were!"tted!with!two!bell!curves,!
each!corresponding!to!the!range!of!temperatures!where!the!development!
of!crystallinity!was!governed!by!polymer!nucleation!(Tc!close!to!Tg)!or!
growth!from!the!heterogeneous!nuclei!(high!Tc)![62,63].!

Based! on! Tg! values! of! poly! ε-caprolactone! ( 60! ◦C)! and! linear!
polyethylene!( 120!◦C),!the!Tg!of!the!four!LSAPEs!studied!here!is!esti-
mated!at!~! 80!◦C,!therefore,!all!crystallization!rate!data!of!Fig.!2!are!
obtained!at!Tc!well!above!the!polyesters’ Tg;!hence,!a!change!from!the!
usual!heterogeneous!nucleation!(n!= 3)!to!homogeneous!nucleation!(n!
= 4)! is! not! expected.! Furthermore,! the! presence! of!multiple!minima!
cannot!be!explained!by!the!above!single!change!in!type!of!nucleation.!
Nonetheless,!we!carried!out!Avrami!analysis!of!exotherms!collected!at!Tc!
below!and!above!the!rate!minima.!The!procedure,!plots!and!tabulated!
Avrami!exponents!can!be!found!in!the!supplementary!documentation!
(Fig.!S5!and!Table!S1).!As!expected,!for!all!LSAPEs!the!Avrami!exponents!

at! the! highest! Tc! are! ~3,! or! the! expected! value! for! heterogeneous!
nucleation!and!three-dimensional!growth.!There!is!also!a!tendency!to!
fractional!exponents!(2.2!< n!< 2.7)!at!the!lowest!Tc! recorded!by!FSC!
denoting! that! at! such! high! undercooling! growth!may! be! affected! by!
diffusion!in!the!highly!viscous!melt![64,65].!Regardless,!the!n!exponent!
remains! unchanged! at!Tc! above! and!below! the! LSAPEs! rate!minima.!
Hence,!we! conclude! that! the!observed! crystallization! rate!minima! in!
LSAPEs!must!be!due!to!factors!other!than!a!change!in!nucleation!type.!As!
mentioned!earlier,!the!minima!are!most!probably!related!with!a!change!
in! crystal! thickness! to! a! quantized! number! of! ester-ester! repeats,! as!
found!for!PEB![40].!

3.2. Melting!of!crystals!formed!below!and!above!the!crystallization!rate!
minima!

Fig.! 3! presents! melting! endotherms! collected! on! heating! after!
isothermal!crystallization!at!the!indicated!Tc.!The!crystallization!time!at!
each!Tc!was!limited!to!that!required!for!the!exotherm!to!complete.!In!
other!words,!samples!were!not!annealed!beyond!their!primary!crystal-
lization.!In!doing!so,!step!thickening!known!from!our!previous!work!to!
occur!in!PE-48,48!on!isothermal!annealing![45],!is!minimized,!and!we!
may!investigate!the!melting!behavior!as!a!function!of!Tc!independently!
from!the!thickening!mechanism.!The!red!thermograms!in!Fig.!3(a),!(b),!
and! (f)!correspond! to! the! region!where! the!minima! in!crystallization!
rates!were!observed!in!Fig.!1.!

While!single!endotherms!are!observed!after!low!Tc!crystallizations!in!
FSC,! for! PE-48,48! (Fig.! 3(a)),! there! is! a! clear! transition! from! Tc! of!
112.8–113!◦C,!from!a!single!melting!endotherm!at!~114!◦C!to!double!
melting!peaks!at!~114!and!~118!◦C.!We!know!from!our!prior!work!that!
the!lower!and!higher!melting!temperatures!correspond!to!layered!crys-
tallites!with!non-integer!(<3!monomer!repeats)!and!integer!(3!repeats)!
thicknesses,!respectively![45].!Increasing!Tc! further!by!only!0.2!◦C,!to!
113.2! ◦C,! integer! layered! crystals! are! the! dominant! type,! and! at!
113.4!◦C,!only!integer!layered!crystals!remain.!Qualitatively,!we!observe!
in!Fig.!3(a)!a!decrease!in!heat!of!melting!at!Tc!approaching!113!◦C!from!
below,! and! a! signi"cant! subsequent! increase! at! Tc! ≥ 113.2! ◦C;! this!
enthalpic! change! is! consistent! with! the! change! in! the! area! of! the!
exothermic!peak!at! the!same!Tc! (see!Fig.!1(a)).!The!narrow!Tc! range!
where!metastable!non-integer!transition!to!stable!integer!layered!crys-
tals!corresponds!directly!to!the!crystallization!rate!minimum!as!seen!in!
Figs.!1!and!2,!thus!providing!clear!evidence!that!the!minimum!in!kinetics!
is!related!to!this!transition.!Furthermore,!the!sharp!decrease!in!heat!of!
melting!and!heat!of!crystallization!at!the!transition!points!to!the!same!
mechanism!postulated!to!explain!the!rate!minima!found!in!PEB![40].!
Namely,!that!the!nucleation!and!growth!of!the!integer!layered!crystals!
are!frustrated!by!the!kinetically!favored!non-integer!layered!form!at!Tc!
transitioning!between!the!two!structures.!

In!Fig.!3(a),!the!high!temperature!melting!peaks!(at!~117!◦C)!seen!at!
the!lowest!Tc!recorded!by!DSC!in!PE-48,48!are!due!to!recrystallization!
during! heating.! On! heating,! the! initial! non-integer! crystals! melt! at!
~113! ◦C!and!recrystallize! into! the! integer! form!that! further!melts!at!
~117!◦C.!Recrystallization!becomes!less!prominent!as!the!non-integer!
layered! crystals! gain! stability! at! higher!Tc! as! illustrated! by! the! pro-
gressive!disappearance!of!the!melting!at!~117!◦C!in!the!Tc!range!from!
110!to!112!◦C!in!Fig.!3(a).!Double!melting!is!not!apparent!in!the!lower!Tc!
FSC!data! since! the!heating! rate! (100!K/s)! is! fast! enough! to! suppress!
recrystallization.!

Due!to!the!formation!of!a!mixture!of!integer!and!non-integer!crys-
tallites!in!the!low!Tc!region!and!fast!recrystallization!of!non-integer!to!
integer!crystals!on!heating![45,52],!the!endotherms!of!PE-32,32!show!
less!dramatic!double!melting!features!than!those!of!PE-48,48!(Fig.!3!b!
and!f).!The!shoulder!at!98!◦C!and!melting!peak!at!107!◦C!in!the!low!Tc!
range!of!both!panels,!correspond!to!melting!of!non-integer!crystals!that!
on!heating!melt!and!recrystallize!into!integer!crystals!that!further!melt!at!
105!◦C!and!112!◦C!respectively.!The!two!low!temperature!melting!peaks!
disappear!at!Tc!approaching!the!rate!minima,!thus!con"rming!that!the!



rate! minima! are! associated! with! the! transition! from! non-integer! to!
integer!crystallites.!

In!contrast,!for!PE-18,18!and!PE-12,12,!Fig.!3(c)!– (d)!and!(g)!– (h),!a!
single!melting!peak!is!apparent!at!all!Tc,!with!the!expected!gradual!in-
crease!in!melting!point!with!decreasing!undercooling.!Only!for!the!data!
of!PE-18,18!at!Tc!transitioning!from!FSC!to!DSC!data,!or!for!Tc!from!85!to!
88!◦C!where!we!observe!the!discontinuity!in!the!rate,!is!the!melting!point!
increasing!from!94!to!97!◦C,!thus!pointing!to!an!analogous!transition!to!a!

thicker!quantized!crystal!structure.!
The!metastability!of!non-integer!crystals!is!further!documented!by!

analyzing! the!melting! behavior! of! isothermally! formed! crystals! as! a!
function!of!crystallization!time.!An!isothermal!transformation!from!non-!
integer!to!integer!layered!crystals!was!observed!previously!for!PE-48,48!
with!increasing!crystallization!time![45].!A!similar!feature!is!present!in!
PE-32,32,!as!can!be!seen!in!Fig.!S6.!Interestingly,!step!thickening!ap-
pears! to! be! complete! in! PE-32,32;! the! non-integer! peak! disappears!

Fig.!3. Selected!melting!endotherms!after!isothermal!
crystallization!at!the!indicated!Tc!for!PE-48,48!(a,!e),!
PE-32,32!(b,!f),!PE-18,18!(c,!g),!and!PE-12,12!(d,!h).!
Top!thermograms!are!collected!in!DSC!on!heating!at!
10! ◦C!min−1,! bottom! thermograms! are! collected! in!
FSC!at!100!K/s.!Red!thermograms!in!(a),!(b)!and!(f)!
indicate! the! transition! from! non-integer! to! integer!
layered!crystals.!(For!interpretation!of!the!references!
to!colour!in!this!"gure!legend,!the!reader!is!referred!
to!the!Web!version!of!this!article.)!!!

Fig.! 4. Heats! of!melting! (ΔHm)! for! PE-48,48! (a,! c)!
and!PE-32,32!(b,!d)!after!crystallizing!at!Tc!for!“short” 

crystallization! times!((a),! (b)!– only! long!enough!to!
complete! full! exotherm)! and! “long” crystallization!
times!((c),!(d)!– on!annealing!at!Tc!beyond!the!com-
plete!exotherm!for!(c)!all!at!1000!min,!and!(d)!800!
min! for! Tc! (103–107.5! ◦C)! and! 1000! min! for! Tc!
(108–109! ◦C)).! The! total,! lower! temperature! (LT),!
and! higher! temperature! (HT)! heats! of! melting! are!
shown! as! black,! blue,! and! red! data! points,! respec-
tively.! For! PE-48,48,! the! minimum! in!ΔHm! is! pre-
served!even!after!long!annealing!times!(~1000!min),!
while!for!PE-32,32!the!total!ΔHm! is!mostly!#at!upon!
annealing!up!to!very!high!values!of!Tc.!The!lines!be-
tween!data!points!are!drawn!to!guide!the!eye!to!the!
observed!trends.!(For!interpretation!of!the!references!
to!colour!in!this!"gure!legend,!the!reader!is!referred!
to!the!Web!version!of!this!article.)!!!



entirely!upon!annealing! for! relatively!short! times! (~10!h).!Complete!
transformation! is! unreasonable! to! achieve! in! PE-48,48,! due! to! the!
extraordinarily!long!time!that!doing!so!would!require!(e.g.,!>70!h,!at!Tc!
= 111!◦C)![45].!That!PE-32,32!seems!to!isothermally!transform!more!
easily!from!the!non-integer!to!the!integer!layered!form!explains!why!the!
decrease! in!heat!of!melting!near! the! transition! (seen!qualitatively! in!
Fig.! 3(b)! and! in! the!exotherms!of!Fig.!1(b))! is!not! as!pronounced! in!
PE-32,32!as!it!is!in!PE-48,48.!Thus,!these!data!demonstrate!further!the!
impact! of! the! length! of! the!methylene! spacer! between! esters! on! the!
crystalline!structure.!In!symmetric!LSAPEs,!a!shorter!spacer!facilitates!
either! the! initial! formation! of! stable! integer! crystallites! or! a! faster!
thickening!of!non-integer!crystals!toward!the!more!stable!integer!form.!

An!easier!transformation!from!non-integer!to!integer!layered!crystals!
is!expected!to!reduce!the!impact!of!the!frustration!on!the!heat!of!melting!
and! the! overall! crystallization! rate! at! Tc! transitioning! between! both!
structures.!This!is!corroborated!by!examining!the!heat!of!melting!upon!
increased!isothermal!annealing!time.!Shown!in!Fig.!4(a)!and!(b)!are!the!
heats!of!melting! for!PE-48,48!and!PE-32,32!corresponding! to! the!en-
dotherms! of! Fig.! 3(a)! and! (b),!which!were!not! subject! to! isothermal!
annealing.!Clearly,!there!is!a!minimum!in!the!total!heat!of!melting!at!the!
same!Tc!of!the!minimum!in!crystallization!rate!for!both!PE-48,48!and!PE-!
32,32!as!observed!qualitatively!in!Fig.!3.!This!feature!is!reminiscent!to!
the!extinguished!crystallization!observed!in!long-spaced!aliphatic!pol-
yacetals!at!the!transition!between!high!temperature!polymorphs![49].!In!
that!case,!nucleation!and!growth!of!Form!II!is!frustrated!by!the!kineti-
cally!favored!Form!I!that!develops!only!up!to!small!content!due!to!the!
extremely!low!undercooling!for!this!form.!The!result!is!a!total!heat!of!
fusion!that!is!only!~!one-"fth!the!value!obtained!at!lower!Tc.!The!heat!of!
fusion!recovers!upon!increasing!Tc!beyond!the!transition!in!the!range!
where!pure!Form!II!develops.!

Due!to!large!difference!in!nucleation!energy!barriers!between!Form!I!
and!Form!II!in!the!case!of!the!polyacetals,!crystallizing!at!Tc!of!the!rate!
minimum! for! longer! times! beyond! the! exothermic! peak! does! almost!
nothing!to!increase!the!heat!of!melting,!which!is!the!reason!for!the!use!of!
the!“extinguished!crystallization” terminology![49].!The!difference!in!
nucleation! barriers! between! quantized! crystal! thicknesses! is! not! ex-
pected! to! be! as! high! for! LSAPEs.!Metastable! polyester! crystals! with!
thicknesses!between! two!quantized! forms!would! thin!or! thicken! to!a!
lower!free!energy!state!to!acquire!higher!stability.!As!seen!in!Fig.!4,!the!
dynamics!of!the!latter!are!faster!as!the!methylene!spacer!decreases!in!
symmetric! LSAPEs.!Although! the!minimum! in! the! heat! of!melting! is!
clearly!maintained!on!annealing!for!about!1000!min!in!PE-48,48,!the!
transformation!from!non-integer!(LT)!to!integer!(HT)!layered!crystals!is!
evident!in!Fig.!4(c).!Furthermore,!in!PE-32,32,!the!heat!of!melting!re-
covers! to! be! nearly! constant! with! Tc! after! longer! isothermal!

crystallization!times,!consistent!with!the!observation!that!the!isothermal!
step!thickening!is!completed!within!relatively!short!annealing!times!in!
this!LSAPE!(Fig.!S6).!

3.3. Overall!morphology!and!isothermal!linear!growth!rates!

Overall!crystallization!rates!followed!by!DSC,!FSC,!or!FTIR!encom-
pass!both!nucleation!and!growth!kinetics.!Thus,!to!ascertain!whether!the!
minima! in! the! overall! crystallization! rate! occur! in! the! nucleation! or!
growth!(or!both),!we!investigate!growth!rates!separately!using!polarized!
optical!microscopy.!A!representative!set!of!optical!micrographs!for!PE-!
48,48! collected! at! temperatures! below! and! above! the! observed! rate!
minimum!at!Tc!of!113!◦C!(Tc,min)!for!the!indicated!elapsed!time!is!given!
in!Fig.!5.!The!overall!morphology!is!spherulitic!with!positive!birefrin-
gence.!A!well-de"ned!Maltese!cross!is!apparent!at!Tc!above!Tc,min,!while!
below!Tc,min!it!is!somewhat!less!clear!due!to!higher!nucleation!density.!
Interestingly,!at!the!Tc,min!of!113.0!◦C,!the!nucleation!density!decreases!
quite!signi"cantly,!only!to!increase!again!at!Tc!≥ 113.4!◦C,!thus!denoting!
an! inversion! in! the! temperature! gradient! of! the! nucleation! rate.!
Furthermore,! at! the! Tc,min,! open! and! irregularly! shaped! spherulites!
indicate! extremely! slow! growth! at! this! temperature.! Remarkably,!
increasing!Tc!from!Tc,min!by!only!~0.4!◦C!returns!the!viewing!area!to!a!
faster!development!of!a!distinct!spherulitic!morphology.!Hence,!these!
morphological!details!point!toward!inversion!in!the!temperature!coef-
"cient!of!both!the!nucleation!and!growth!rates!of!PE-48,48!and!explain!
the!observed!pronounced!rate!minimum!in! the!overall!crystallization!
rate!of!Fig.!2.!

An!interesting!observation!is!that!it!is!only!at!the!transition!between!
the!non-integer!and! integer! layered! structures! (at!Tc,min! of!113! ◦C!±
0.2!◦C)!when!the!nucleation!density!shows!a!strong!decrease!and!the!
spherulitic!morphology!becomes!irregularly!shaped,!while!the!spheru-
litic!morphology!below!and!above!the! transition!remains!unchanged.!
These!morphological!features!are!equivalent!to!those!recently!observed!
in!PE-2,13![40],!and!support!nucleation!barriers!between!structures!at!
Tc! above!and!below!the!rate!minimum!that,!albeit!different,!may!not!
differ!as!much!as,!for!instance,!Forms!I!and!II!of!polyacetals![49,50].!In!
the!latter,!besides!a!morphological!change,!there!is!a!dramatic!decrease!
in!nucleation!density!at!Tc! above!the! transition!between!forms.!With!
expected!relatively!small!difference!in!nucleation!barriers!between!the!
non-integer! and! integer! layered! crystalline! structures! of! LSAPEs,! the!
inversions! in! the! temperature! coef"cient! of! the! crystallization! and!
nucleation!rates!can!be!explained!primarily!by!the!self-poisoning!feature!
[41–43].!

The! morphology! of! PE-32,32,! PE-18,18,! and! PE-12,12! is! also!
spherulitic.! In! these! shorter! spaced!LSAPEs,! the!nucleation!density! is!

Fig.!5. Polarized!optical!micrographs!obtained!during!isothermal!crystallization!of!PE-48,48!at!the!indicated!Tc!after!the!indicated!elapsed!time.!Scale!bars!represent!
200!μm.!



quite!high,!and!no!changes!in!morphology!or!nucleation!are!evident!with!
Tc,!even!near!the!Tc,min!of!107.8!◦C!in!PE-32,32.!The!relatively!smaller!
content!of!non-integer!layered!crystals!that!develops!isothermally!in!PE-!
32,32!(see!melting!endotherms!of!Fig.!3(b)!in!the! low!Tc!DSC!range)!
likely!explains!the!lack!of!morphological!change!near!the!transition!from!
non-integer!to!integer!layered!crystals!in!this!polymer.!Neither!the!lower!
Tc,min!of!PE-32,32!at!97!◦C!nor!the!apparent!discontinuity!feature!at!~86!
– 87! ◦C!in!PE-18,18!observed!in!FSC!are!accessible! for!polarized!mi-
croscopy!imaging.!The!fastest!cooling!rate!of!the!Linkam!hot!stage!used!
for!temperature!control!is!well!below!the!cooling!rate!needed!to!avoid!
crystallization!prior!to!reaching!such!low!Tc!range.!

As!mentioned!in!the!introduction,!the!premise!of!the!self-poisoning!
framework! is! a! temporary! blockage! at! the! crystal! growth! surface! by!
deposition!of!a!kinetically!favored!but!metastable!structure.!Therefore,!
additional!evidence!to!support!self-poisoning!at!the!rate!minima!should!
be!a!retardation!in!the!growth!rate!of!the!more!stable!crystalline!form!at!
temperatures!approaching!the!rate!minima!from!above![43,47].!Hence,!
if!in!addition!to!some!difference!in!nucleation!barriers,!self-poisoning!is!
at!play!in!the!LSAPEs,!we!expect!to!observe!an!analogous!minimum!in!
the!isothermal!linear!growth!rates!(G).!Fig.!6!displays!ln(G)!as!a!function!
of!Tc! for!each!of!the!LSAPEs.!As!shown,!there!are!minima!in!the!G!of!
PE-48,48!and!of!PE-32,32!at!Tc!of!113.0!◦C!and!107.6!◦C!respectively,!
the! same! temperatures!where! the!minima!were! found! in! the! overall!
crystallization!rates!measured!by!DSC!and!where!the!spherulitic!growth!
and! overall! morphology! appeared! rougher! and! more! disorganized!
respectively.!Analogous!to!the!DSC!results,!no!minimum!in!G!is!evident!
over! the! accessible! Tc! range! for! PE-18,18! or! PE-12,12.! Hence,! the!
diminishing! ability! to! observe! a! rate!minimum!with! decreasing! CH2!
spacer!length!in!LSAPEs!found!in!the!overall!crystallization!rates,!is!also!
present!in!the!growth!rates!of!these!polyesters.!

The!rate!minima!found!in!Figs.!2!and!6!fall!closely!in!line!with!that!
found!for!n-alkanes,!PEO!fractions,!and!PE-2,13!where!the!crystal!phase!
is!maintained!with!increasing!Tc!and!the!structural!change!above!and!
below! the! rate! minimum! is! a! step! difference! in! crystal! thickness.!
Adopting!the!same!framework!to!explain!the!crystallization!kinetics!of!
these!LSAPEs,!we!expect!a!step!increase!in!crystal!thickness!at!Tc!across!
the!rate!minima.!Hence,!crystal!thicknesses!for!Tc!below!and!above!the!
minimum!are!analyzed!next!by!SAXS.!

3.4. Discontinuous!changes!in!long!spacing!and!lamellar!thickness!

Fig.!7!displays!Lorentz-corrected!SAXS!patterns!for!PE-48,48!(a)!and!
PE-32,32!(b)!collected!after!isothermal!crystallization!at!Tc!below!(black!
patterns)!and!above!(red!patterns)!the!rate!minima!(Tc,min).!The!corre-
sponding!WAXD!patterns!are!unchanged!(Fig.!S7).!Note!that!Tc,min!refers!
to!the!high!Tc!minimum!observed!via!DSC.!As!done!for!the!melting!en-
dotherms!of!Fig.!3,!samples!were!crystallized!only!long!enough!for!the!
complete!exotherm!to!develop,!thus!minimizing!step!thickening!which!
occurs!for!longer!annealing!times!at!Tc!< Tc,min.!There!is!a!clear!shift!of!
the!scattering!vector!toward!lower!values!(longer!spacing)!with!only!a!
1!◦C!increase!in!Tc!for!both!PE-48,48!and!PE-32,32.!The!Tc!at!which!the!
shift!occurs!coincides!directly!with!Tc,min! in!both!polyesters,!indicating!
that!the!change!in!long!period!(L!= 2π/qpeak)!is!related!to!the!minimum!
in!the!crystallization!rate.!The!shift!in!qpeak!of!PE-48,48!is!about!twice!
that!for!PE-32,32;!in!the!former,!qpeak! changes!from!~0.035!to!0.027!
Å 1,!while!in!the!latter!the!shift!is!only!from!~0.030!to!0.026!Å 1.!This!
corresponds!to!an!increase!in!long!period!of!~60!Å!for!PE-48,48!and!
~30!Å!for!PE-32,32!(see!Fig.!S8!for!quantitative!long!period!data!as!a!
function!of!Tc).!Also!consistent!with!our!earlier!results,!patterns!for!PE-!
18,18!and!PE-12,12!(shown!in!Fig.!7(c)!and!(d)!respectively)!show!a!
small! gradual! increase! in! long! periodicity! over! the! entire! range! of!
accessible!Tc!via!DSC.!

The! normalized! one-dimensional! correlation! function! (CF)! was!
applied!to!the!data!of!Fig.!7!to!extract!the!core!lamellar!thickness!(lc).!
Examples!of!CF!are!given!in!Fig.!S9.!The!results!are!shown!in!Fig.!8(a)!for!
PE-48,48! (green),! PE-32,32! (purple),! PE-18,18! (red)! and! PE-12,12!
(pink).!In!PE-48,48!and!PE-32,32,!Tc,min! is!demarcated!with!a!dashed!
vertical!line,!and!the!values!for!lc!below!and!above!Tc,min!are!closed!and!
open!circles,!respectively.!The!lc!of!PE-12,12!increases!continuously!with!
Tc! as! expected!with! decreasing! undercooling,! and! the! same! trend! is!
found!for!PE-18,18! for!Tc!> 90!◦C.!For!both!PE-48,48!and!PE-32,32,!
there!is!a!discontinuous!step!increase!in!lc! from!below!to!above!the!Tc,!
min.!The!increase!is!~30!Å!for!PE-48,48!(from!~120!to!150!Å)!and!about!
20!Å!for!PE-32,32!(from!~130!to!150!Å).!Thus,!it!is!clear!that!indeed!the!
crystals!undergo!a!discrete!increase!in!thickness!from!below!to!above!Tc,!
min!in!both!PE-48,48!and!PE-32,32.!

With!the!re#ection!identi"ed!as!the!ester-ester!layer!distance!in!the!
middle-angle!X-ray!patterns,!d,!we!calculated!the!number!of!ester-ester!
layers!(lc/d)!that!correspond!to!the!crystal!thicknesses!shown!in!Fig.!8!
(a).!Values!of!d!are!~16,!20.8,!35.3,!and!48.0!Å!for!PE-12,12,!PE-18,18,!
PE-32,32,!and!PE-48,48,!respectively,!see!Fig.!S10![52].!The!number!of!
ester-ester!layers!is!shown!in!Fig.!8(b)!for!each!LSAPE.!With!increasing!
Tc,!PE-48,48!crystals!thicken!from!~2.5!to!3!ester-ester!layers!at!Tc,min.!
Similarly,!crystals!of!PE-32,32!thicken!from!~3.5!to!4!ester-ester!layers.!
PE-18,18!and!PE-12,12!crystals!contain!~6!and!8!– 10!ester-ester!layers!
respectively,!implying!that!placing!the!ester!groups!at!the!basal!surfaces!
of!the!crystals!must!be!easier!in!shorter-spaced!LSAPEs.!That!the!step!
change!in!crystal!thickness!from!a!non-integer!to!an!integer!number!of!
ester-ester!repeats!occurs!in!both!PE-48,48!and!PE-32,32!at!the!corre-
sponding!Tc,min!strengthen!conclusions!reached!in!our!earlier!work!for!
PEB![40].!Namely,!that!the!crystallization!rate!minima!in!LSAPEs!occurs!
as! a! result!of! reaching!a!quantized!number!of!monomer!units! in! the!
crystal!thickness.!

In!addition!to!the!step!change!in!long!period!and!crystal!thickness,!
another!change!evident!in!the!SAXS!patterns!of!PE-48,48!(Fig.!7(a))!is!
the!appearance!of!the!second!order!long!period!re#ection!at!Tc!> Tc,min.!
This!feature!indicates!an!improvement!in!symmetry!for!the!high!tem-
perature,!integer!layered!crystals!with!respect!to!the!lower!temperature,!
kinetically! favored,! non-integer! layered! type.! PE-32,32! develops! a!
mixture!of!non-integer!and! integer! layered!crystals!at!Tc!< Tc,min,!as!
inferred!by!the!presence!of!the!second!order!long!period!re#ection!even!
for!low!Tc.!Such!a!mixture!of!non-integer!and!integer!layered!structures!
in!PE-32,32!at!all!Tc!is!consistent!with!the!melting!endotherms!of!Fig.!3!
(b).!Moreover,!a!mixture!of!structures!at!Tc!< Tc,min!explains!the!smaller!
shift!in!qpeak!for!PE-32,32!than!PE-48,48!at!the!transition.!

Fig.!6. Natural!logarithm!of!the!isothermal!linear!growth!rates,!G,!as!a!function!
of!Tc! for! PE-48,48! (green),! PE-32,32! (purple),! PE-18,18! (red)! and! PE-12,12!
(pink).! Error! bars! indicate! ± one! standard! deviation! from! the! average! of!
measurements!obtained!independently!from!at!least!three!spherulites.!Dashed!
lines!between!data!points!are!drawn!to!guide!the!eye!to!the!observed!trends.!
(For!interpretation!of!the!references!to!colour!in!this!"gure!legend,!the!reader!is!
referred!to!the!Web!version!of!this!article.)!



AFM!was!also!used!as!a!direct!technique!to!corroborate!the!increase!
of!lamellae!thickness!at!Tc,min.!Height!and!amplitude!AFM!images!are!
shown!in!Fig.!9!for!PE-48,48!(left)!and!PE-32,32!(right)!for!Tc!below!and!
above!Tc,min!(top!and!bottom!images,!respectively).!The!morphology!is!
clearly!lamellar,!as!expected,!and!many!of!the!lamellae!are!#at-on,!as!

can!be!seen!clearly! in!the!amplitude! images.!The!thickness!of!#at-on!
lamellae! can! be! directly! measured! using! the! AFM! height! images.!
Values!of!lc!averaged!over!several!images!are!listed!in!the!captions!of!
Fig.!9.!As!shown,!the!lc!increases!from!~134!to!163!Å!in!PE-48,48,!while!
in!PE-32,32!the!increase!is!from!~113!to!177!Å,!giving!further!evidence!

Fig.! 7. Lorentz-corrected! small-angle! X-ray! scat-
tering!(SAXS)!patterns!for!PE-48,48!(a),!PE-32,32!(b),!
PE-18,18! (c),! and! PE-12,12! (d)! collected! at! room!
temperature! after! isothermal! crystallization! at! the!
indicated!Tc.!Red!patterns!in!(a)!and!(b)!highlight!the!
shift!in!the!long!period!re#ection!above!the!transition!
from!non-integer!to!integer!layered!crystals.!Vertical!
dashed! lines! are! drawn! also! to! highlight! this! shift.!
Patterns!have!been!vertically!shifted!for!clarity.!(For!
interpretation!of!the!references!to!colour!in!this!"gure!
legend,! the!reader! is!referred!to!the!Web!version!of!
this!article.)!!!

Fig.! 8. (a)! Core! lamellar! thickness! (lc)! calculated!
using! the! normalized! one-dimensional! correlation!
function! and! (b)! estimated! number! of! ester-ester!
layers! as! lc! divided! by! the! observed! layer! distance,!
d,!as!a!function!of!Tc!for!PE-48,48!(green!circles),!PE-!
32,32!(purple!diamonds),!PE-18,18!(red!squares),!and!
PE-12,12!(pink!triangles).!Below!Tc,min,!(dotted,!ver-
tical! lines)!data!are!expressed!as!"lled!circles!while!
above!Tc,min!data!are!shown!as!open!circles.!Dashed!
horizontal! lines! in! (b)! represent! integer!numbers!of!
ester-ester!layers!and!are!drawn!to!guide!the!eye.!(For!
interpretation!of!the!references!to!colour!in!this!"gure!
legend,! the!reader! is!referred!to! the!Web!version!of!
this!article.)!!!



to! support! the! discontinuous! thickening! from! below! to! above!Tc,min.!
Note! as! well! that! there! are! no! evident! changes! in! the! lamellar!
morphology! accompanying! the! change! in! lc.! PE-18,18! has! a! similar!
lamellar!morphology!as!that!of!PE-48,48!and!PE-32,32,!with!a!lamellar!
thickness! that!does!not!change!appreciably!with!Tc,! as!expected! (see!
Fig.!S11).!

3.5. Metastable!non-integer!segments!attaching!at!the!growth!front!of!
integer!layered!crystals!

Based!on! the!kinetic,!morphological,!and! structural!behavior!as!a!
function!of!Tc! for!LSAPEs!detailed! in! the!previous! sections,!we!have!
demonstrated! in!high!molecular!weight!polymers! that!a!discrete!step!
change!in!lamellar!thickness!causes!a!rate!minimum!in!both!the!overall!
crystallization!and!crystal!growth!rates.!In!LSAPEs,!the!step!change!in!
crystal!thickness!is!driven!by!the!need!to!place!the!ester!groups!at!the!
basal! surfaces! to! reach!more!stable!crystallites!and! is! intrinsic! to! the!
regularity!of!the!ester!placement!in!a!polyethylene-like!chain.!The!latter!
is!analogous!to!the!behavior!of!long-chain!n-alkanes,!where!the!drive!to!
place! end! groups! at! the! crystal! surfaces! leads! to! discrete,! quantized!
changes!in!crystal!thickness!with!decreasing!undercooling;!for!instance,!
from!once-folded!to!extended!n-alkane!chain!crystals.!That!we!observe!
the!minimum!in!the!growth!rate!of!the!LSAPEs!points!toward!a!blocking!
effect!at!the!crystal!growth!front!of!the!more!stable!form!by!stems!of!the!
kinetically!favored!thinner!form.!In!this!section,!we!explain!this!blocking!
effect!on!the!basis!of!self-poisoning,!as!has!been!described!in!detail!for!
the!n-alkanes! [43],!precision!bromine!containing!polyethylenes! [47],!
and!polyester!PEB![40].!

Fig.!10!shows!a!schematic!representation!of! the! frustration!at! the!
growth! front!of!an! integer! layered!crystal!by! the!deposition!of!meta-
stable!non-integer!stems!in!LSAPEs!at!Tc,min.!Illustrations!are!overlapped!
with!the!crystal!growth!rate!data!corresponding!to!PE-48,48!of!Fig.!6!as!
an!example!to!help!demonstrate!the!proposed!mechanism.!For!temper-
atures!above!the!melting!point!of!the!non-integer!layered!crystals!(Tm!=
113!◦C),!only!integer!layered!crystals!can!achieve!productive!growth.!As!
the! non-integer! layered! crystals! are! kinetically! favored,! when!
approaching!their!melting!temperature!from!above,!for!113!◦C!< Tc!<
114!◦C,!the!probability!of!deposition!of!those!thinner,!non-integer!seg-
ments!onto!the!growth!surface!of!the!thicker!crystals!increases.!How-
ever,! there!are! two! factors! that! retard!growth! in! such!event.!On!one!
hand,!the!non-integer!attached!structure!is!metastable,!it!would!quickly!
begin!to!thicken!to!complete!the!ester!layer!and!gain!stability!by!placing!
the!ester!groups!at!the!surface!of!the!crystal![45].!On!the!other!hand,!
given! that! continuous! growth! of! the! non-integer! crystals!will! not! be!

productive! above! their!melting! point,! growth! of! the! integer! layered!
crystal! will! temporarily! stop! until! the! thinner! segments! thicken! by!
extension! in!the!chain!axis! to!complete!the!crystalline! layer.!The!dy-
namics!of!the!thickening!event!in!the!whole!growth!front!will!take!some!
time!causing!a!retardation!in!the!linear!growth!rate,!as!shown.!A!similar!
mechanism!may!reduce!the!number!of!the!initial!nuclei.!

Below!their!melting!point,!not!only!do!the!metastable!but!kinetically!
favorable!non-integer!layered!crystals!develop!at!a!much!faster!rate!(left!
side! of! rate! minimum! in! Fig.! 10)! but! the! dynamics! for! isothermal!
thickening!slow!down!with!decreasing!Tc![45].!The!latter!explains!the!
non-integer! crystal! thicknesses! observed! in! Fig.! 8! at! Tc! < Tc,min.!
Although! the! schematics! in! Fig.! 10! are! shown! for! PE-48,48! crystals!
transitioning!from!~2.5!to!3!layers,!the!same!rationale!applies!to!explain!
the!rate!minima!in!the!low!Tc!region!and!for!the!rest!of!the!LSAPEs.!The!
observed!LSAPE!rate!minima!are!associated!with!a!transition!toward!a!
quantized!number!of!monomer!units!in!the!chain!axis!of!the!crystallites.!

As!shown!in!Figs.!2!and!6!respectively,!the!inversion!in!the!temper-
ature!coef"cient!of!both!the!overall!crystallization!rate!and!the!linear!

Fig.! 9. AFM! height! and! amplitude! images! for! PE-!
48,48! (left)! and! PE-32,32! (right)! after! isothermal!
crystallization! at! the! indicated! Tc! below! (top)! and!
above! (bottom)!Tc,min.! Lamellar! thicknesses,! lc,! and!
values! of! one! standard! deviation! from! the! average!
over!several!images!are!highlighted!in!yellow.!Scale!
bars! correspond! to! 1!μm.!Colored!ovals! throughout!
the! images! indicate! examples!of! areas! in!which! the!
lamellar!thickness!was!measured.!(For!interpretation!
of!the!references!to!colour!in!this!"gure!legend,!the!
reader!is!referred!to!the!Web!version!of!this!article.)!!!

Fig.!10. Schematic!representation!of!self-poisoning!in!LSAPEs!overlapped!with!
crystal!growth!rate!for!illustrative!purposes.!For!low!and!high!Tc,!crystals!form!
in!the!non-integer!and!integer!layered!type,!respectively.!Near!the!rate!mini-
mum,!Tc,min,!at!the!transition!between!non-integer!and!integer!layered!struc-
tures,!non-integer!layered!stems!block!the!growth!front!of!the!growing!integer!
structure.!Stems!must!thicken!to!the!full!length!of!the!integer!layered!structure!
before! growth! can! proceed! uninhibited,! thus! causing! a! retardation! in! the!
growth!rate.!



growth!rate!is!extraordinarily!deep!in!PE-48,48;!in!PE-32,32!the!high!Tc!
minimum!is!not!nearly!so!dramatic,!it!becomes!just!a!discontinuity!in!PE-!
18,18,!and!is!entirely!absent!for!PE-12,12.!It!seems!then,!that!the!rate!
minimum! becomes! more! dif"cult! to! see! with! decreasing! methylene!
spacer!length.!This!"nding!is!consistent!with!arguments!made!by!Ungar!
et!al.!regarding!the!behavior!of!C390H782,!which!shows!three!minima!in!
its!growth!rate!corresponding!to!the!transitions!between!extended!and!
once-folded! (E-F2),! once-folded! and! twice-folded! (F2-F3),! and! twice-!
folded!and! thrice-folded! (F3-F4)! crystals! [43].!They! found! that!while!
the!growth!rate!minima!at!the!E!-!F2!and!F2!-!F3!transitions!were!deep!in!
this!n-alkane,!the!minimum!at!the!F3!-!F4!transition!was!comparatively!
shallow.!Ungar!et!al.!explained!this!behavior!by!considering!the!decrease!
in!the!difference!between!stem!lengths!at!each!of!the!three!transitions.!
The!E!-!F2!stem!length!difference!is!20.8!nm,!F2! -!F3! is!7.0!nm,!but!the!
difference!between!stem!lengths!at!the!F3!-!F4!transition!is!just!3.5!nm.!
Since!the!result!of!self-poisoning!is!the!lack!of!productive!growth!asso-
ciated!with!the!attachment!of!longer!stems!onto!the!incorrectly!attached!
shorter!ones,!the!authors!argued!that!there!must!be!some!stem!length!
difference! for! which! this! rule! is! not! rigorously! followed,! making!
self-poisoning! inoperable! at! those! conditions! [43].! Ungar! et! al.! also!
found! that! the! rate! minimum! becomes! shallower! with! decreasing!
n-alkane! length,! in!agreement!with!"ndings! in!the!series!of!precision!
bromine! polyethylenes! [47].! As! the! methylene! sequence! becomes!
shorter,! from!20! to! 8!methylenes! between! consecutive! bromine! sub-
stitutions,!the!minimum!in!growth!rate!becomes!shallower.!In!fact,!for!
the! precision! bromine! polyethylene! spaced! by! 8!methylenes,! only! a!
discontinuity,!and!no!minimum,!was!observed![47].!

Applying! the!above!rationale! to! the!LSAPEs!studied!here,! the!dif-
ference!in!lamellar!thickness!between!non-integer!and!integer!layered!
crystals!is!(as!demonstrated!in!Fig.!9(a))!~30!Å!in!PE-48,48,!and!only!
~20!Å!in!PE-32,32!(for!the!high!Tc,min!from!~3.5!to!4!ester-ester!layers).!
It! is!conceivable!then,!that! the!rate!retardation!effect!of!a!20!Å!stem!
length!difference!would!be!considerably!less!than!a!difference!of!30!Å.!
Additionally,! since! the! most! likely! mechanism! for! alleviating! the!
poisoning!effect!in!the!LSAPEs!is!thickening!toward!the!integer!layered!
structure,!it!is!logical!that!thickening!by!20!Å!can!be!accomplished!in!a!
smaller!time!frame!than!a!thickening!of!30!Å!(as!corroborated!by!the!
melting!endotherms!as!a!function!of!time!for!PE-32,32!in!Fig.!S6!and!in!
our! prior! work! for! PE-48,48! [45]),! thus! limiting! the! impact! of! the!
attachment!of!the!wrong!structure!on!the!rate.!The!above!rationale!is!
consistent!with!a!weaker!crystallization!rate!minimum!in!PE-18,18!and!
the!lack!of!any!clearly!apparent!minimum!in!PE-12,12.!Since!the!dis-
tance!between!consecutive!ester!groups!in!PE-18,18!is!only!~23!Å!(~16!
Å!in!PE-12,12),!the!difference!in!lc!between!a!non-integer!layered!stem!
and! integer! layered!crystal!would!be!necessarily! signi"cantly!smaller!
than!for!PE-48,48!or!even!PE-32,32.!In!other!words,!as!the!methylene!
length!decreases,!the!formation!of!crystallites!with!esters!at!the!surfaces!
is! favored! and! any! non-integer! layered! structures! will! quickly,! or!
instantaneously,!rearrange!into!the!integer!one.!This!explains!why!the!
shorter!spaced!LSAPEs!do!not!show!the!minimum!and!why!the!minimum!
in!shorter!n-alkanes!is!so!shallow.!

While!lack!of!any!rate!minima!in!PE-12,12!is!explained!above!as!a!
favored!formation!of!integer!crystals!at!any!Tc,!the!observed!non-integer!
crystal! thicknesses! in! Fig.!8! (b)! for! this!polyester!deserves! some!dis-
cussion.!As! they!are!kinetically! favored,! the! initial! formation!of!non-!
integer!crystals!cannot!be!discarded.!However,!these!metastable!crys-
tals!will!quickly!thin!or!thicken!toward!the!stable!integer!ones.!With!an!
expected! small!difference! in!energy!barriers!between! the!non-integer!
and!either!thinner!or!thicker!integer!forms,!it!is!likely!that!at!most!Tc!
a!mixture! of! integer! crystals! with! 8,! 9,! or! 10!monomer! repeats! are!
formed.! Hence,! even! if!most! crystallites! are! of! the! integer! type,! the!
average! crystal! thickness! will! be! a! fractional! number! of! monomer!
repeats.!

Finally,! we! emphasize! that! this! work! demonstrates! that! the! self-!
poisoning!feature!in!high!molecular!weight!polymers!is!not!unique!to!
systems! that! display! thermally! induced! polymorphism! and! drastic!

conformational!differences!between!various!crystal!types.!Instead,!while!
self-poisoning!may!be!ubiquitous!to!all!semi-crystalline!polymers,!the!
experimental! observation! of! a!minimum! in! the! crystallization! rate! is!
speci"c!to!polymer!systems!with!(at!least)!two!energetically!different!
crystalline! structures! having! suf"ciently! different! nucleation! and!
growth!kinetics.!In!the!case!studied!here,!the!non-integer!and!integer!
layered! crystals! are! energetically! different! due! to! a! low! nucleation!
barrier!of!the!former!with!a!non-integer!thickness,!and!the!thermody-
namic!stability!afforded!to!the!integer!layered!crystals!by!staggering!the!
ester!groups!at!the!basal!surfaces.!

4. Conclusions!

In!this!work,!we!have!investigated!in!detail!the!isothermal!crystal-
lization!kinetics!and!crystalline!structures!of!four!LSAPEs,!PE-48,48,!PE-!
32,32,!PE-18,18,!and!PE-12,12.!A!large!range!of!isothermal!crystalliza-
tion! temperatures!was! analyzed! from! data! obtained! by! conventional!
DSC!and!by!Fast!Scanning!Calorimetry.!With!increasing!crystallization!
temperature! (Tc),! the! three! longest-spaced! polymers,! PE-48,48,! PE-!
32,32,!and!PE-18,18!form!crystals!with!either!a!non-integer!or!integer!
number!of!ester-ester! layers!in!the!same!crystallographic!form.!Meta-
stable,!non-integer! layered!crystals! form!in!a! lower!Tc! range!and!are!
kinetically! favored,!while! the! integer! layered! crystals! are!more! ther-
modynamically! stable! and! form! in! a! higher!Tc! range.! The! transition!
between!non-integer!and!integer!layered!crystals!was!identi"ed!by!SAXS!
and!is!accompanied!by!an!increase!in!melting!temperature.!

At!the!transition!between!the!non-integer!and!integer!layered!crys-
tals,! anomalous! rate! minima! in! the! overall! crystallization! rate! and!
isothermal! linear! growth! rate! with! decreasing! undercooling! are!
observed! in! the! longest! spaced! polyesters.! The! rate!minima! become!
shallower!with!decreasing!methylene!spacer!and!vanish!in!the!shortest!
symmetric!LSAPE!studied,!PE-12,12.!The!observed!rate!minima!are!not!
associated!with!a!change!in!the!mechanism!of!nucleation!and!growth!of!
these! systems!or!with! a! transition!between!different! polymorphs!but!
rather! with! a! transition! between! quantized! crystal! thicknesses.! The!
minima!are! explained!on! the!basis! of! self-poisoning,! similarly! to! the!
rationale!used!to!describe!the!effect!of!quantized!chain!folding!on!the!
crystallization!rate!of!long-chain!n-alkanes.!At!Tc!approaching!temper-
atures!of!the!rate!minima!from!above,!depositions!of!metastable!non-!
integer!crystals! retard!growth!of! the! integer! layered!crystal!until! the!
stems! thicken! to! complete! the! layer! placing! the! ester! groups! at! the!
lamellar!basal!surfaces.!The!strength!of!this!self-poisoning!effect,!i.e.,!the!
depth!of! the! rate!minimum,!depends!upon! the!difference! in! lamellar!
thickness! between! the! non-integer! and! integer! layered! crystals.! The!
latter!decreases!in!the!shortest!spaced!polyesters!to!the!point!that!only!
the! integer! form!is!operative!during!nucleation!and!growth.!We!thus!
demonstrate!that!such!an!inversion!in!the!temperature!gradient!of!the!
crystallization! kinetics! is! ubiquitous! to! polyethylene-like! materials!
which! form! layered!crystallites! in!at! least! two!energetically!different!
crystal!structures.!
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