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ABSTRACT

The effect of hydrogen bonding stability on the noeyn effects in the
crystallization of long chain polyamides have bewmestigated by the self-nucleation
calorimetric technique. Self-nucleation is charazea by three domains in decreasing
temperature order: complete meltingdmmain | exclusive self-nucleation @omain
Il and, self-nucleation and annealingDmmain Ill. The memory effect is observed in
the high temperature range @bmain Il (when all crystals are molten, or Domain
lla). In the low temperature range@dmain I, crystal remnants act as self-seeds (i.e.,
Domain llb. The hydrogen bonds between amide groups weeetgetwith FTIR, and
a ratio of the content of hydrogen bonded vs. &megde groups could be calculated.
The energy needed to break the hydrogen bonds atmseas the self-nucleation
temperatureTs) increases. This means that hydrogen bonds bea@alker (and their
amount decrease), while the crystalline memory pisars upon crossing from
Domain llato Domain | Comparing the widths d@omain llain different polyamides,
we found for the first time a clear correlationhwihe relative content of amide groups
with respect to methylene groups in the repeatsurih conclusion, we have
demonstrated that memory in polyamides is a stfangtion of hydrogen bonding
between chain segments.

Keywords crystalline memory, long chain polyamides, hydnog bonding,

self-nucleation
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1. Introduction

The so called, “memory effect” in the crystallizatiof polymers has attracted great
attention as a unique feature, not commonly exéibiiy low molar mass crystalline
substances [1-5]. The memory effect refers bothmorphological” and “kinetic”
memory of a given crystalline state. In fact, oe tiand after a mild melt treatment, the
recrystallized superstructure bears some resentartbe one existing before melting,
in particular in relation to the location of cryiitee nuclei and the relative orientation
of crystallites [6]. On the other hand, the crystation temperature upon cooling a
non-isotropic melt from a relatively low temperaui.e., when the semi-crystalline
polymer is heated to a temperature just above élsimg temperature for a short time)
increases with respect to that of the isotropictrteelmelt state where the melting
temperature is high enough, and the time remaiairigat temperature long enough, to
erase all memory effects and to produce a randsenasly of interpenetrated random
coils that are fully relaxed) [7-10].

The classical approach to the study of melt-memeffects in polymer
crystallization is the application of the DSC “selicleation” protocol proposed by
Fillon et. al. [2] and extensively used and revidvg Miller and co-workers [11-13].
The memory effect in crystallization has been aisferred to as self-seeding or
self-nucleation [5]. An increase of melting tempera or an extended duration at a

specific melting temperature can reduce the retallymtion rate [3, 12, 14]. However,
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the above mentioned treatments do not affect thectsral characteristics during
recrystallization, e.g., the long period and thmd#ar thickness [15-17].

To date, researchers have investigated the crystatin memory effect in both
homopolymers and copolymers [5, 9, 14, 18-20]. Timemory effects of
homopolymers have been widely studied, for instangsotactic polypropylene (iPP)
[12, 14, 21], syndiotactic polypropylene (sPP) [1&dlycaprolactone (PCL) [12, 22,
23], and polylactic acid (PLA) [5].

However, the mechanism of the memory effect it wtitler debate. Lorenzo et al.
[12], proposed that self-nuclei originated in thghitemperature region withibomain
Il (where no trace of crystal fragments remains)carestituted by regions in the melt
with the residual orientation that the chains hathe crystalline state [13]. Luo et al.
[24] have postulated that memory effect comes fh@terogeneities in the topological
constraints and melt entanglements distribution.thdkumar et al. [25] have
established a model where all the metastable dbateseen the isotropic melt and the
final semi-crystalline state could be representegtther by just one metastable state.
In this state the nucleation rate is as a funatibthe melt temperature. Li et. al. [26]
proposed that the memory effect is due to the sahof conformational order inside
molten lamellae.

Alamo et. al. [7-9, 24, 27] performed a series)geriments on ethylene random
copolymers. They found that these copolymers shostrethg memory effects, even

above the equilibrium melting point. This uniqueepbmenon may relate to the
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partitioning of crystallizable sequences in the cess of crystallization. During
subsequent melting, the diffusion of these sequemdk be hindered by the chain
topology, therefore the transition to a randomizegdt state is slowed down remarkably
[8, 27]. So, in this situation the memory effeciiibuted to the topological constraints
in the inter-crystalline region which will affeaterystallization [28].

Rheological techniques have been used to detéetatites between isotropic and
self-nucleated melts in PRn-PE random copolymers (with compositions rich ir) PP
[20]. Even though, differences were not detectdd/éen isotropic and self-nucleated
melts in the Newtonian viscosity or in the relagattime, the self-nucleated melt was
found to display a clear thermo-rheologically coexpbehaviour. Instead, the isotropic
melt was thermo-rheologically simple. The authorsppsed that self-nuclei in
PPran-PE random copolymers were formed by clusters aiinshthat retained the
conformations they had when they were part of tiystals.

Up to now, most of the studied systems are polyolaf olefin-based copolymers
[1, 3,9, 12, 24, 29-32]. The memory effect of @otyde, polyester and other polymer
systems with stronger inter-molecular interactisnch as hydrogen bonding has
received less attention. In the case of pwbgprolactone) homopolymers (PCLSs),
rheology has been capable of differentiating igutrdrom self-nucleated melts. Both
the zero-shear viscosity and entanglement modwus ignificantly higher values for
the self-nucleated melt in comparison to the igptronelt, for three PCL samples with

different molecular weights. The PCLs self-nucldatemelts are also
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thermo-rheologically complex in contrast to therthe-rheologically simple behaviour
of isotropic melts [22, 23].

Recently [23], dielectric experiments have been leyga for the first time to
study crystalline memory effects in PCL. A decreabéhe permittivity value of the
self-nucleated melt was detected in comparison Wit of the isotropic melt state,
hence, a small proportion of dipoles are “restdtten the self-nucleated melt in
comparison with the isotropic melt. The authorstplased that in the high temperature
region of the self-nucleation domain (i.Bgmain Ilg, when no traces of crystals can
be found as they are all molten, self-nuclei ardengp of regions where molten chains
have residual hydrogen bonds that can survive aftgstal melting, originating the
memory effect detected in PCL. The correlationghefresults of rheology, DSC and
dielectric permittivity was remarkable [23].

Considering hydrogen bonds, polyamides have siitidarwith polyesters like
PCL. According to the literature mentioned abovee avould think rheology and
dielectric techniques could be applied to polyamides well. However, both
polyamides and polyesters can undergo a solid gw@igmerization process when
they are held at temperatures abdyéecause of the reaction between the end groups
in the amorphous regions [33]. A significant diéiece between polyamides and
polyesters is that the equilibrium constant forypatides is around one hundred times
or more larger than that for polyesters, and thes requirements for removal of

by-products of the reaction is much less sevetharfirst case [34], which means that

6
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the polymerization reaction occurs much easierdlygmides. Thus, the process of
the polymerization combined with the possible exise of self-nuclei will give a

complicated result by rheology and/or dielectricht@ques in the polyamide case.
Therefore, those techniques are unsuitable forstiya&ting the memory effect in

polyamides.

The amide groups in polyamide, with their abilibyform strong hydrogen bonds,
make this polymer very different with respect te tommonly investigated polyolefins.
Investigation of the memory effect of polyamide®owd provide insights into the
relationship between the polymer crystallizatiord ahe molecular structure, i.e.,
chemical constitution and specific intermoleculaeractions. Despite several studies
on polyamides [16, 35-39], which mainly focusedti@a orientation induced memory
effect and/or the influence on the recrystallizatithe relationship between hydrogen
bonding and polyamide memory effect in crystali@atin the quiescent state has not
been fully elucidated in the literature.

As an extension of our previous works on polyamidl@smopolymers and
copolymers) [40-46], polyamide 1012 (PA1012) isduss a model polymer in this
study. It is a typical AABB-type polyamide with Ignmethylene chain segments
between two neighbor amide groups, which is polymeerby a condensation reaction
between diacid and diamine. This material is areldsct engineering polyamide with
superior physical properties, such as toughnegh, élastic modulus, lubrication-free

performance, low water absorption and adequaterdiimeal stability. It is extensively

7
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used in industrial fields, e.g., automobile mantiféng, electronic appliances and
several commodity markets [35, 47]. PA1012 is fairbg a precise number of amide
groups and long aliphatic segments, thereforg@ntserve as a model for investigating
the role of intermolecular interactions on selfdeation. The influence of memory

effects on the crystallization kinetics and on ltent structure persisting in the melt
was investigated at different length scales, eniptpyDifferential Scanning

Calorimetry (DSC), and Fourier Transform Infrarque&troscopy (FTIR).

2. Experimental section

2.1. Materials

The Polyamide 1012 (PA1012, -[HN(GHbNHCO(CH;)10CO]-) employed here is a
commercial grade, supplied by Shandong Guangyin Materials Co., Ltd. The melt
flow index of this material is 16 g/10 min, deten@dl at 235C according to ASTM
D1238 (2.16 kg). The results of GPC in chloroforafter sample reaction with
trifluoroacetic anhydride are shown in Table SithAugh the PA1012 can only
dissolve in chloroform after reaction with trifli@acetic anhydride, causing a certain
difference between the true molar mass and thenmasured after trifluoroacetylation,
the results in Table S1 can be taken as a vakteete value. PA1012 was synthesized
from decamethylene diamine and dodecanedioic atidse monomers are produced

by a microbiological fermentation method [13, 4ih]the last part of the work, some
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polyamide samples (PA66, PA610, PA612 and PA121#) different amide group

density, i.e., concentration of amide groups aldting chain, were employed for
comparison purposes. The information and therntgegties of all the samples can be
found in the supporting information, Table S2. &l polyamides were dried under
vacuum at temperatures between 80 and°C2for 12 h before the experiments. The

detailed drying conditions for the different sangpéee in Table S3.

2.2.Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter (TA Instrume@2000) was employed. It was
calibrated with an indium standard. The sample neagsloyed was approximately 4
mg. Samples were sealed in aluminum pans. A canfétavrate of N was employed
during the measurements.

(a) Non-isothermal CrystallizationPA1012 was characterized by a “standard”
heating-cooling-heating temperature ramp. The sesnplere heated to 26C,
kept in the melt for 5 min, then cooled down to°8) and re-heated to 22G. All
the heating and cooling ramps were performed anatant rate of 18C /min.

(b) Self-nucleation (SN) protocolhe SN procedure was performed according to the
following steps*? (1) Erasure of previous thermal history by holding sample in
the melt at 266C for 5 min. (2) Cooling from 260 to 5C at 10°C/min in order to
create a crystalline “standard state” in the sam{@g Self-nucleation (SN) step,

where the sample is heated to a selected temper@tuat 10°C/min and is kept
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for 5 min at thisTs temperature. Depending on the temperature the lsawif
either completely melt (il is too high,Domain ), it will only self-nucleate, at
intermediatels temperatures (iDomain Il) or it will self-nucleate and anneal (if
the Ts temperature is too low and only causes partiatinggli.e.,Domain Ill). (4)
Cooling fromTsto 5011 at a rate of 16C/min. During this cooling run, the peak
crystallization temperature will be monitored totet# any changes that could
indicate an increase in its value due to self-ratad@. (5) Subsequent melting of
sample by heating from 50 to 220 °C at a rate ofClénin. The SN process was
repeated at differefi; temperatures separated by 1 °C in a wide temperednge
that encompasses the entire melting range of tlyengo and above (i.e., to include
all the SN domains and to determine their boundarién particular, theTs
temperature at which the self-nucleation is firss@rved Domain I/Domain I
boundary) and th&s at which the unmelted crystals undergo both ammgand
self-nucleationomain ll/Domain Illboundary) must be carefully detected [2, 11].

The detailed self-nucleation (SN) procedure is sdtecally reported in Figure la.

o
o

300

260 °C, 5 min

£ 260 °C, 5 min

testing @ 7;-

3 )
Py 1 % 200f
2 5
© {1 ®1s50
"éi g
] sor 50°C, 5 min
] ] 0 10 20 30 40 50 60
Time (min) Time (min)
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Figure 1. The thermal protocols adopted for sefl@ation experiments employing DSC (a)

andin-situ FTIR tests (b).

2.3.Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were collected using a Nicolet 6706cBpmeter (Thermo Fisher
Scientific) in transmission mode, with an MCT détecThe spectra were measured
with a resolution of 4 cthand accumulating 16 scans. The samples were filiths20
um thickness sandwiched in between potassium brothidelices and mounted onto a
Linkam FTIR 600 hot stage fitted in the test chamifethe FTIR to recordn-situ
spectra. Temperature calibration of the hot stage performed with indium and tin
standards. The thermal protocol was the same tappaed for the X-ray experiments
(Figure 1b). In order to get the conformationabmmhation of the PA1012 film at each

Ts, thein-situ FTIR data were recorded every 30 s while holdiregdample afs.

3. Resultsand discussion

3.1. Melt temperature regions at which memory &dfean be observed.

The self-nucleation of PA1012 was studied accorthntpe thermal protocol described
in Figure la. Selected DSC curves recorded durowing from the indicated’s
temperatures and also during the subsequent hessiamg are shown in Figure 2. From

the DSC scans presented in Figure 2, the SN domambe easily obtained [2, 11].

11
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Figure 2. DSC cooling (a) and heating (b) scari®Aif012 after self-nucleation at the indicated

T.

The memory effect of previous crystalline structigeerased when PA1012 is
heated above 19%€. For this temperature range, the melt iamain land the peak
crystallization temperature is approximately £60and does not change when Tqés
further increased, as the nucleation density resneamstant.

For temperatures lower than 28D, but higher than 19%C, the sample is in the
self-nucleation domain, obDomain Il The nucleation density is exponentially
increased as the temperature decreases, as a result of the largbamuof self-nuclei
produced by the SN thermal protocol [2, 11]. Thakperystallization temperature
increases 20C with respect to that iDomain |

When the self-nucleation temperatufe) (s equal to 196C or lower, the sample
is in the self-nucleation and annealing domai@omain Ill. The DSC heating scan in
Figure 2b for & of 190 °C shows that a new melting endotherm ageelit is a sharp

but small second melting peak located at higheptratures. This corresponds to the

12
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melting of a small crystal population that was nuilten at 190 °C, and had time to
anneal during the 5 min waiting period at that teragure (i.e., the crystalline lamellae
thickened at 190 °C and therefore melt at tempegatoigher than 190 °C). Thig of
190 °C represents the upper temperature bound&wgrofin 111

In Figure 3, the recorded peak crystallization terapures are represented as a
function of employed self-nucleation temperatuees] compared with the “standard”
DSC melting curve of PA1012. In this way, it is pitde to derive the location of the

domain boundaries with respect to the melting raofghe preexisting crystals.

o DI DI
T 3176
af b a PA10120 1472
o} b i 191-199 °C
g . 4168
w 1o
; Pe 4164
3f : ot
w : 9 4160 2
3 | i -
T} 5 R 4156
21 : 3152
2 I

Il Il Il I Il 148
185 190 195 200 205 210 215
Temperature (°C), 7_ (°C)

Figure 3. The self-nucleation domains (verticat$inndicate the limits between domains and a

color code in the DSC trace has also been emplayditferentiate the domains: red for
Domain |, blue forDomain lland green fobomain Ill) for PA1012 represented on the standard
DSC melting trace. Data points represent the diizgtion temperature peaks (plotted using
the right-hand y-axis) as a functionTafvalues (on the x-axis). The dotted vertical linades

theDomain Ilinto two regions: the higher temperature regiDorhain lld and the lower

13
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temperature regiorDomain 110"

It can be seen that the boundary betweemtraain Il andDomain llis located
slightly within the high-temperature tail of thestard melting endotherm. The end of
the melting peak is about’2 higher than the boundary temperature betviz@main
Il andDomain Il.

Muller et al. [11, 23] have proposed thiadmain Il should be divided into two
regions. The region starting at temperatures highan the end of the melting
endotherm isDomain ll&, or memory effect domain, where all crystals hawated,
but the melt still shows a crystalline memory bebavr his self-nucleated melt is not
isotropic, thereby producing self-nucleation up@olmg from thatTs temperature
range (i.e., upper temperature regiorboimain I, or Domain Ilg). The nature of the
self-nuclei inDomain llais unknown for PA1012, and finding out their cotugion is
one of the aims in this work.

The lower temperature region @omain Il is defined as Domain I3 or
“self-seeding domain” [11, 23]. IBomain Il small crystal fragments remain and they
act as crystallographically ideal self-seeds (whgobatly increase nucleation density
upon cooling from the melt). These small crystedgjiments do not anneal during the 5
min spent afs.

The temperature boundary betwdaomain llaandDomain Ilbis about 193C.

The width of the self-nucleatioRomain Ilin PA1012 is 9C, indicating a moderate

14
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temperature window for the existence of self-segdidomain Il plus memory
effects Domain 118, as commonly observed for several homopolymers ekample,
the width ofDomain Il in iPP is about 4C [2], while that of PCL is nearly 1T,
although it can vary depending on the moleculargiveand chain topology (linear
versus cyclic]11, 23]. Polymers with an intrinsically high nunnlbgensity of active
heterogeneities (such as high density polyethylbaeg a very small width @omain

Il or in some casd3omain Ilis completely absent [11].

Domain llaor the “memory effect” domain, is the most intéirggto study, as this
is the temperature region where memory effects aame simply explained by
remaining crystal fragmentBomain Illain homopolymers such as iPP [12] is nearly
nonexistent, while in PA1012 (6°8) and PCL (9.8C) [12], it gets much wider and is
even wider in PBS (1%C) [11]. In order to understand the origin of themory effect
in Domain lla which persists at temperatures higher than tistals melting point,
several techniques were employed to investigate etkistence of order in the

self-nucleated melt at different length scales.

3.2.0rigin of memory effects of crystallizatiorP81012

According to the DSC results shown in Figure 2 Riglire 3, a distinct memory
effect on crystallization can be observed in thpaugemperature range Domain I
(Domain llaregion) where no crystalline self-seeds remaimthfen FTIR experiments

were performed to determine the role of intermdicinteraction on the PA1012

15
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memory effects. It is reasonable to speculatetbeabrdered structure causing memory
effects in polyamide may be due to hydrogen bot@s 48], although this link is still
controversial in the literature [16, 36, 48]. Iretfollowing, the vibration of the N-H
group is particularly considered. Although someeagshers state that the N-H
stretching is not a conformational sensitive maglace its peak position remains
invariant to the change of the crystalline pha$s BD], and the vibration band of the
carbonyl group should be preferred, the lattewisamosen in this research because of
its overlap with other vibration modes [50].

The PA1012 FTIR spectrum of the N-H stretching ailam region is shown in
Figure 4, and it can be roughly resolved into thremponents. Two of the absorption
bands can be assigned to the hydrogen bonded emdNfH stretching modes, which
are marked as (N-H)pongandv (N-H)see respectively [50, 51]. While the one at about
3060 cnt corresponds to the amide B mode. The amide Beisittst overtone of the

amide Il mode, although there is still some corgrgy on the origin of this band [52].

o

I Ya(CH) v (CH,)
el

s

13

2 V(N-H)bom:l

(3]

2

s F

§ V(N-H)free

3600 3400 3200 3000 2800 2600
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Figure 4. The PA1012 FTIR spectrum of the N-H stigtg vibration band.

Curve deconvolution is an accessible way to geenrdormation from the FT-IR
spectra, although some inherent problems exiser@ah et.al. [53] established criteria
for curve fitting of FT-IR spectrum in 1981, andexfvards many other researchers
referred to these rules in order to perform cuitten§ on FTIR absorption bands. The
main issue is to establish band shape, positiodthwiand the number of curves
components comprised in a complex band, as weheabaseline, prior to the fitting
process [50]. In this research, the spectra base bf the N-H stretching region (i.e.,
from 3120 to 3500 cil) have been adjusted separately to obtain a mbablesresuilt.

In order to know the number and positions of thevewcomponents in this region,
derivative spectroscopy, which has been recogniaednany years as a method to
enhance the resolution of small shoulders in spd&8, 54], is applied to the N-H
stretching region (Figure S1). As previous researxhreport that the frequency
difference between the “free” and hydrogen bondeél Ntretching modes is a
reflection of the average strength of the hydrdgemded N-H groups [55], the width of
the hydrogen bonded N-H stretching band mainleotdl the distribution of hydrogen
bonded groups at different distances and geomd&iess5]. For the convenience of
latter comparisons, and on the basis of the dévirapectra shown in Figure S1, three
different peaks have been applied for fitting thigvenumber region. Regarding the

employed function for curves fitting, although Gsias function is very commonly
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used, the results obtained with this specific pfadction are not very satisfactory,
especially for sample temperatures of £@3and below (see Figure S2). On the other
hand, the Pearson VII function can yield an excelié (Figure S3), but the results lack
an exact physical meaning. Therefore, a Gaudsiaentz function has been selected as
more suitable for approaching the problem of cdittieg, and the results show a very
small error. Obeying the above mentioned FTIRMgtrules [53] and using a set of
reasonable assumptions, the N-H stretching spectinam 3120 to 3500 cthafter
normalization, has been resolved into three bantdls thie software PeakFit, the

outcome for the peak deconvolution is shown in Fégb for two representative

temperatures.

ag o raw data b; i o raw datal
s L — fit curve| | < | —fit curve |
; — peak1 :; —— peak1
(3] Y |[——peak2 or — peak2 |7
ST % —peak3 [ Sl \ —peak3 |
o] ‘ o] 3
i [
or 1 or A
2] 24
o or 1
<}l 1 < |

L @ P o (ald -

3500 3400 3300 3200 3100 3500 3400 3300 3200 3100
Wavenumbers (cm’) Wavenumbers (cm™)

Figure 5. The N-H stretching vibration band pe#iny results at isothermal temperature of

220°C (a) and 198C (b) with Gaussian/Lorentz function.

The data irbomain lis fitted with three Gaussiérorentz peaks and a good final

18



10

11

12

13

14

15

16

17

18

19

20

21

correlation coefficient is typically obtained. Imetlower temperature range@dmain

Il, i.e., 193°C and below Domain lIb), the fitting results are not perfect, but still
acceptable. Considering the second derivative sp€Eigure S1), two small peaks
indicated with round blue circles exist at lowemfeerature especially iDomain lib
and below. The two extra-peaks at £@3and below may be originated by the clusters
that cause the memory effect, and their presentiehewve an effect on the fitting
quality, if only three fitting peaks are adoptedevidrtheless, despite the lower
precision of the fitted curves in that temperatiaege, we think that the conclusion
which are outlined below will not be affected. Weaishdeduce that the state of
hydrogen bonded groups in this temperature rangeoi® complicated than that in
Domain | as the N-H group in the self-nucleated meltDafmain 1l is possibly
experiencing a different vibrational state, or fiedent degree of bonding dictated by
distance and geometry [50]. At a first approximatithe position of the peak is related
to the strength of the interaction [50], while theak height or peak area represents the
concentration of the corresponding state. The ibbacbf each peak obtained by
Gaussiafiorentz fitting after holding at differerii; for 60 min are shown in Figure 6.
With the addition of an antioxidant, no detectadbdgradation has been found during
this isothermal process. According to most litemtteports [40, 50, 51], we can
attribute Peak 2 to the vibration of the hydrogemded N-H groups, while Peak 3, at a
higher wavenumber, to that of free N-Hs. Peak grésumably a contribution from a

two-phonon band and can be removed by the prewiaescribed curve fitting method
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Figure 6. Fraction of the fitted peaks areas asation ofTs. The boundary temperature

between th&omain landDomain llais indicated by the dashed vertical line.

As shown in Figure 6, the two bands only show sigamt changes below &
values of 200 °C, after which the fractions praaticreach a plateau value. Although
some researchers [50] claimed that the N-H molaomidtion coefficient may vary
with the peak position (i.e., wavenumbers), the emamber change with temperature
of each peak itself was very small compared with thfference in wavenumber
between the three peaks. Therefore, we can considenstant average wavenumber
value during the experiment. Besides, a further@pmation is to consider the band
area proportional to the concentration of the gidgh functional group. This choice
seems reasonable, given that the relative variaifaime absorption band is used in
the following calculation.

Under the assumption that all N-H groups in theypar melt exist in either
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hydrogen bonded or free state, thus a bonded-fsaeentration equilibrium for the
N-H groups in the system can be established (Egudi. We highlight that the word
equilibrium is used to indicate an equivalence leetwthe rates of hydrogen bond
formation and dissolution, i.e., a Kkinetically staary state, rather than a
thermodynamic equilibrium. In fact, a continuousieersion between free and bonded
N-H groups exists, as it is a dynamic process.h@rother hand, the intensity and peak
position of the N-H absorption band will not changeen the sample is held&tfor 60
min, so it is deduced that the conversion has redsy reached a pseudo-equilibrium
concentration., and this holding time is employ@dHT-IR measurements (Figure S4).
Besides, the DSC cooling curves of PA1012, withamdard state, after holding at
certainTs temperature for 5 and 60 min are shown in FiglseThe crystallization
temperaturel; does not change in this time interval. Thereftine, time difference
between the DSC and FTIR experiments has no infiem the obtained results.
Accordingly, a dynamic equilibrium constaki; can be expressed by Equation 2. The
equilibrium fraction of bonded N-H, which would isly be reached after a
sufficiently long holding time afs, depends on temperature according to Equation 3,
wheredH represents the enthalpy difference between tleeanel bonded N-H states.
As such, taking the area of{N-H)zee as the content of (N-Hde and the areas of the
other band as that of the total concentration eH(jbng the equilibrium constant is

shown as a function of the inverse of the absdkrtgperature in Figure 7.

21



11

12

13

14

15

16

17

(N - H)bond = (N - H)free (Eq-l)

_ (N—H)free
9 (N_H)bond

(Eq.2)
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Figure 7. Natural logarithm of the equilibrium ctargt between hydrogen bonded and free N-H
groups as a function of the reciprocal absolutegptrature. The dashed vertical lines separate

Domain Ifrom Domain llaandDomain llh

Based on the different temperature dependencigiofFigure 7, the plot can be
clearly divided into three parts. In the higher pemature range ddomain 1(205°C
and above), the equilibrium ratio of bonded an@ feH is almost constant with the
increase ofls temperature. The temperature dependence of thigeigm constankg
becomes stronger when lowering the temperature ianid the strongest for
self-nucleation temperatures withbomain llb From the slope of the plots in the
different regions, the correspondidigfl values are calculated (Table 1). The obtained

AH represents the average amount of energy thatythedgen bonded N-H groups, in
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each identified temperature region, needs to absotkansform into a free N-H. In
other words, it shows that the stabilization of Ngkbups by hydrogen bonding is
strongest inDomain Ilb (about 360 kJ/mol) and is minimal in the high temgure
range ofDomain | although the presence of weak hydrogen bondstitbdetected (7
kJ/mol). ThedH value inDomain lis perfectly in line with those obtained by other
researches focusing on hydrogen bonding dynamidil@gum in high-temperature
polyamide melt [50,58], proving that our fittinggmedure and the obtained results are
reliable. The largerdH value in Domain Il indicates the existence of clusters
maintained by the hydrogen bonds, which possegeratissociation energy. In the
low temperature region obomain | the strength of the hydrogen bond is still
substantial, i.e., (75 kJ/mol), a value equal &t th Domain Ila but apparently this
does not affect the subsequent recrystallizatiothefpolymer. In fact, although the
strength of the hydrogen bonds is still high, thedute content of the ordered chain
aggregates is probably too low, hence no meanirsgftdnucleation effect is observed.
The hypothesis is confirmed in Figure S4, where dbsorbance ratio between
v(N-H)pong andv(CHy) as a function of temperature is shown. Besidescalculation
of equilibrium constant has also been done accgrtbhnGaussian and Pearson VII

function, and the results are included in the Fegsr, which shows that similar trends.

Table 1. Slope of the logarithm of equilibrium ctamg versus reciprocal temperature and

calculateddH for each region.
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Domains high temperature low temperature

Dlla Dllb
ltems range ofDI range ofDI
Slopex10* (K) -0.084 -0.902 -0.902 -4.330
4H (kJ/mol) 7 75 75 360

Since the data collected on PA1012 indicates tlydtdgen bonding plays an
important role in its crystallization memory behayithe influence of the amide group
density in the repeating units of different polydes is also investigated. Similar SN
experiments were performed on PA66, PA610, PA64d,RA1212, and the different
self-nucleation temperature domains are comparethdorespective DSC melting
endotherms in Figure 8. As expected, with the imseeof average methylene sequence
length in the repeating unit, the melting tempewatwf the polyamide drops
substantially [59, 60], going from more than 250f&€ PA66 to less than 180 °C for
PA1212. In parallel, the temperature range of alesememory effect also noticeably
decreases, i.e., the width@bmain Ila @ndDomain Il)is the largest for PA66 and it
gets narrower with the increase of methylene segpikmgths in the polymer repeating

unit.
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Figure 8. Plots of the self-nucleation domainsHa66 (a), PA610 (b), PA612 (c), and PA1212
(d) homopolymers, overlapped on top of the stan@88 melting traces. Data points
represent crystallization temperature peaks (mlatgéng the right-hand y-axis) as a function of

T values (on the x-axis).

The widths ofDomain Il, Domain Ilaand Domain llb temperature ranges are
plotted against the ratio of amide groups to mettyl groups of each polyamide
repeating unit in Figure 9. As deduced from Fig8iréhe higher the concentration of
hydrogen bonding N-H groups, the higher the stighdlf the self-nuclei. A very good
correlation is found: the width &omain Il (and in particular obomain lla where no

crystalline seeds are present) increases withnitrease of the relative contribution of
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amide group with respect to methylene groups withenchain. On the other hand, the
width of Domain llb is unchanged by the relative content of amide ggolihis

invariance indicates the predominance of crystalbelf-seeds (present as unmelted
crystal fragments irDbomain llb) as the controlling factor of the memory effect in

recrystallization for this temperature region
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Figure 9. Width oDomain Il, Domain llaandDomain llbas a function of the ratio of the
amide to methylene groups in the repeating usi{dNmetyiend in the different indicated

polyamides.

It is remarkable to note that, if the widthi@dbmain Il (or Domain lld measured
for the different polyamides is extrapolated toesozamide groups content, a value
close to zero is obtained, consistently with thgdgily negligible width oDomain i
reported in the literature for linear polyethylefie 61, 62]. Therefore, while for
polyolefins the origin of intermolecular interact® existing in the self-nuclei [20]

needs further investigation, our results demorsstthat in polyamides, when the
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density of the amide group is high, hydrogen boggifays a dominating role in the
memory effect.

It is conceivable that the strong chain segmentsraction through hydrogen
bonding slows down the achievement of an isotropalt after the crystals have
disappeared, leading to a persistent memory efféx.higher the relative content of
hydrogen bonding groups in the chain repeatingsutiite higher the thermal energy
that should be provided to break these interactimulting in a wideDomain lla
This effect might be analogous to the known incegasviscosity and flow activation
energy with concentration of hydrogen bonded gron@ssociative polymers [22].

Despite the limited amount of data for short-chpotyamides in Figure 9, it
seems that the width &fomain llawould reach a saturation value at high amide group
contents. It can be speculated, that since theolggar bonds will make chain segments
more rigid, if the length of the methylene chaitvzen the amide groups is very short,
the formation of chain aggregates constitutinggbi-nuclei after the melting of the
crystalline structure (see Figure 6) might beconmeendifficult, due to limited chain

flexibility.

4. Conclusions

In this work, the crystalline memory of a long ahgbolyamide, and its
relationship with hydrogen bonding, was investigateTIR measurements performed

during thermal conditioning at different self-nuai@n temperatures can successfully
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detect the presence and stability of hydrogen bondbe studied polyamide. The
variation of the ratio between free N-H and bonbleld groups can be correlated with
the dependence of the memory effect as a functidi walues. The results show that
the stabilization of N-H groups by hydrogen bondisgtrongest irbomain Il and

decreases upon increasiiig until it becomes significantly smaller iBomain 1

Employing a series of polyamides, we were ableeima@hstrate that the width of the
memory effect domainDomain 118 directly correlates with the relative content of
amide groups with respect to methylene groupserrépeating units. As such, it was
clearly demonstrated that hydrogen bonding plaftsmdamental role in the memory
effects (observed iDomain I1)of PA1012, and of long chain polyamides in genekal

far as we aware, this is the first time that the tae of hydrogen bonding stability has

been unequivocally linked with crystalline memory.
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Highlights

The relationship between memory effect and hydrogen bonding was investigated.
Hydrogen bonding strength between N-H groups decreases with T, values.
The width of Domain lla increases with the density of amide groups in

polyamides.
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