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ABSTRACT: The crystallization behavior of functionalized polymethylene chains with carbamate esters
placed periodically between alternating docosyl and octyl segments has been examined with infrared
spectroscopy. Specific features of both the interactions and the chain conformation have been found. The
crystallization Kinetics, including the induction period, can be followed with time-resolved infrared
spectroscopy (5 s time resolution) and occurs in three stages. The kinetics of local hydrogen-bonding
rearrangement is quite different from the kinetics of methylene chain stem ordering. The interchain
interactions are characterized by a broad distribution of states. The initial melt consists of highly
interacting chains (75% hydrogen bonded). During crystallization, this broad asymmetric ensemble of
interacting states changes continuously to one dominated by that characteristic of the ordered structure.
Even with the time resolution achievable, the specific features of a crystallite nucleus could not be captured.

Introduction

Polymer crystallization is often best characterized by
its kinetics which can be separated into two separate
stages: nucleation and growth. While debate still exists
regarding precise description of the rate-determining
steps,12 this picture of nucleation and growth has been
the dominant one and is supported by both morphologi-
cal and kinetic data on a broad range of polymeric
systems.34 More recent data have led some to suggest
that under certain conditions order formation may take
place through a spinodal decomposition mechanism
rather than nucleation.>~7

We are interested in beginning to develop a logical
framework for clarifying the crystallization behavior of
interacting chains. van der Waals interactions alone can
describe poly(olefins), but dipole—dipole interactions,
hydrogen bonds, and electrostatic interactions are im-
portant for many other polymers such as polyesters,
polyamides, and proteins. The role of these strong
secondary interactions in the crystallization behavior
has yet to be defined either experimentally or theoreti-
cally. Polyamides serve as excellent examples showing
the complexity that seems to arise due to the interplay
between hydrogen-bonding interactions, van der Waals
interactions, and conformational flexibility. Polyamides
can form one of several different polymorphic crystal
structures depending on the crystallization conditions
or the number of methylene units in the repeat unit.8
The magnitude and specificity of the amide—amide
interaction and the conformational order of the meth-
ylene chain segment may have different responses to
solvent quality, temperature, cooling and heating rate,
or deformation.

Our studies focus on a system of polymers with
strongly interacting functionalities placed at exact
periodicity along a polymethylene chain as shown in
Scheme 1. We are interested in how interchain interac-
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tions influence nucleation and growth. The various
functionalities contained in these model polymers allow
attenuation of the specificity of the interactions, from
strong hydrogen bonds to weaker dipole—dipole interac-
tions. In addition, the sequence length of the methylene
units can be precisely controlled from 12 to 46 units,
allowing variation in the conformational flexibility.
Vibrational spectroscopy has been frequently used to
determine the mass fraction degree of crystallinity.
Fewer studies have used vibrational spectroscopy to
study the crystallization process.®1®© However, this
technique has many advantages that make it ideal for
dynamic studies. With the advent of the Fourier trans-
form technique, high-quality spectra can be obtained
with time resolution as short as a few seconds. Struc-
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tural units can be observed at a localized scale, so long-
range coherence is unnecessary. There are other prac-
tical considerations. For example, precise temperature
control can be achieved easily, and only a small amount
of sample is necessary. In addition, a unique feature of
vibrational spectroscopy is that the ensemble of chain
conformations in the disordered state can be monitored.

A distinction should be made regarding spectroscopi-
cally determined “order” vs degree of crystallinity. X-ray
diffraction, for example, measures the long-range order
as a result of precise atomic placements, while infrared
spectroscopy measures short-range order which will
depend on the degree to which the vibrational mode is
coupled to adjacent vibrations. The short-range order
can exist without the presence of long-range order. In
this paper, we will refer to a “degree of order” rather
than a degree of crystallinity to emphasize the distinc-
tion.

In this study, order formation in the strongly inter-
acting units will be observed separately from the
straightening of the methylene chains using noniso-
thermal crystallization conditions, where the most
dramatic distinction between the responses of the two
parts is observed. Transformations occurring in the
disordered phase will be monitored during both the
induction period and secondary crystallization. This
paper will focus on the system with carbamate esters
(urethane units) alternating between 22 and 8 methyl-
ene units (22,8 PU).

Experimental Section

Details of the polymer synthesis and characterization
have been reported previously.!* The polymer was prepared
by a melt polyaddition of 1,8-diisocyanatooctane and 1,22-
docosanediol. The weight-average molecular weight was de-
termined to be 13.8 x 10% g mol™%, and the polydispersity is
2.0. The melting temperature of the polymer is 141 °C.

Infrared spectroscopic measurements were carried out on
a Perkin-Elmer 2000 system with a wide-band MCT detector.
Samples were prepared by dissolving the polymer in hot
o-dichlorobenzene and casting a film onto KBr plates. The
plates were dried under vacuum at 90 °C for several hours.
No evidence of residual solvent was observed spectroscopically.
The resulting films were approximately 15 um in thickness.

Measurements of the molten samples were performed with
2 cm~* spectral resolution, and 16 scans were signal averaged.
The temperature was controlled using a home-built heating
cell attached to an Omega proportional controller that could
be accommodated into the N,-purged sample chamber. The
temperature was calibrated to the melting point of benzoic
acid. Sample temperature was simultaneously monitored using
two other thermocouples to ensure thermal equilibrium had
been attained in the heating cell. Samples were equilibrated
at a given temperature for at least 30 min.

During crystallization experiments, rapid measurements
were necessary, so the resolution was set to 4 cm™, and only
one scan was needed to obtain high-quality data for analysis.
A Mettler hot stage was used to control the temperature and
cooling rate to within an accuracy of +0.6 °C. The sample was
sandwiched between two KBr plates and placed in the hot
stage. This hot stage was then mounted in the N.-purged
sample chamber, and sufficient throughput could be obtained.
Spectra were recorded approximately every 5 s. The melted
sample was held at 160 °C (20 °C over the melting point) for
at least 30 min. The length of time held in the molten phase
was used to prevent any possibility that memory remains.®
During this holding time, the infrared spectrum was moni-
tored, and no spectral changes were seen after the first minute.
We also observed higher holding temperatures (up to 185 °C)
and found that 160 °C was sufficient to remove any spectro-
scopic evidence of crystallinity. The molten phase was then
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Figure 1. Procedure used to observe the ordering of aliphatic
segments from the infrared spectra of 22,8 PU. The spectrum
observed from the disordered phase (a) was subtracted from
spectra collected during crystallization (b) to give a spectra
indicative of ordered methylene segments (c).

crystallized at a given cooling rate ranging from 2.5 to 15 °C
min~.

Band deconvolution of the amide | region was carried out
following the procedure established previously.? It has been
demonstrated that this region is appropriately characterized
by three components: (1) free C=0 at 1732 cm™1, (2) hydrogen-
bonded C=0O with an ordered geometry (such as the one the
crystalline state) at 1685 cm™2, and (3) hydrogen-bonded C=0
with disordered geometries between 1718 and 1709 cm™2. This
band is associated with a distribution of distances and
geometries of hydrogen bonds. Three Gaussian bands were
employed for deconvolution. The program included in the
Spectrum 2000 software package associated with our Perkin-
Elmer system 2000 spectrometer was used for all analysis. The
band position, width, and intensity were allowed to change
during iteration. The ensemble of hydrogen bonds of varying
strength was obtained by removing the contributions from the
free and ordered vibrations.

To observe crystallization of the methylene chains, the
contribution from disordered sequences was subtracted, as
shown in Figure 1. The intensity at 1405 and 1335 cm™* arises
from particular methylene defect sequences in the molten or
amorphous phases.® The spectrum of the disordered structure
was defined in the region from 1270 to 1420 cm™! by the
spectrum obtained immediately prior to crystallization. Dif-
ferent percentages of this spectrum were subtracted from the
succeeding spectra so that the baseline at 1405 and 1335 cm™?
was zero. The remaining contribution is from the “straight”
methylene sequences. The intensity increases as the low
wavenumber side is approached due to the contribution from
the amide 111 mode near 1250 cm™2.

The rate of primary crystallization for various cooling rates
was determined from the increase in intensity of the ordered
hydrogen bonds (1684 cm™%) with time using numerical dif-
ferentiation

d|1684 _ Ij B Ij—l

@

We found the spectroscopic data obtained to be of high quality
with good signal-to-noise ratio for this analysis to be carried
out readily.
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Figure 2. Infrared spectra of molten 22,8 PU (160 °C; solid lines) and a melt crystallized film (25 °C; dashed lines): (a) the N—H
stretching region; (b) the amide I, C=O0 stretching region; (c) methylene wagging modes.

Results and Discussion

Infrared Spectroscopic Features Characteristic
of 22,8 PU. To take advantage of the sensitivity of
infrared spectroscopy to local geometry, interchain
interactions, and chain conformation, the origin of the
vibrational features associated with 22,8 PU must first
be defined. First, the urethane interchain interactions,
i.e., hydrogen bonds, will be considered. Hydrogen bonds
are dynamic, continually breaking and re-forming under
the influence of thermal fluctuations. The urethane
groups thus consist of a distribution of species, both free
(non-hydrogen-bonded) and hydrogen-bonded. Histori-
cally, the existence of hydrogen bonds has been most
readily illustrated from changes in the N—H stretching
region, shown in Figure 2a for 22,8 PU. The inherent
resonance contribution to the relative intensities of the
3456 (free NH), 3370 (hydrogen-bonded in melt), and
3322 cm™1 (ordered hydrogen bond) bands make using
this region for quantitative analysis more difficult.}* The
measured absorption coefficient of the hydrogen-bonded
component is strongly dependent on the strength of
hydrogen bond.!®> Therefore, the apparent measured
relative intensity of the hydrogen-bonded and the free
component are not indicative of the relative population
of each species. Using these bands can, in fact, lead to
misleading conclusions regarding the estimation of the
enthalpy of hydrogen bond formation.4

On the other hand, the frequency difference, Av,
between free and hydrogen-bonded species can be
related to the strength of the hydrogen bond. The
enthalpic contribution can be determined using the
following expression'é

—AHNH/O=C _ 59.3Av

sp.int - AV + 674 (2)

Using this approach, we can determine the strength

of the hydrogen bond in the initial state (the melt). A
large interchain interaction in the range from —7.03 to
—6.40 kJ mol~%, depending on the temperature, was
obtained.

The amide | band (mainly C=0 stretching) reflects
the strength and geometry of hydrogen-bonding as well
as the number of interacting species in 22,8 PU (see
Figure 2b). This region is more appropriate for quanti-
tative analysis due to the relative insensitivity of the
absorption coefficient to hydrogen bond strength. Be-
cause the bands owing their intensity to free C=0 (1732
cm™1), disordered hydrogen-bonded C=0 (1718-1709
cm™1), and ordered hydrogen bonds (1685 cm™1) are
overlapping, we employ a curve-fitting routine to resolve
the amount of each species, as shown, for example, in
Figure 3a. Results for molten samples are shown in
Table 1. The absorption coefficients for the free species
are slightly lower than that for the associated species
but were corrected for by adjusting the hydrogen-bonded
intensities by a factor, k = 1.81, so that the total area
remained invariant with temperature. This then allows
us to calculate the fraction of each species present.1?

Using these separated fractions, we can determine the
thermodynamic properties of the molten phase. By
assuming that the urethane units associate as hydrogen-
bonded dimers, the equilibrium constant can be deter-
mined from the fraction of free urethanes by’

_1-[c=0]
“2(c=0]y

As shown in Figure 3b, the enthalpy and entropy of
hydrogen bond formation can be determined from a
van't Hoff plot. The AH of hydrogen bond formation
(AHug) was determined from this procedure to be —7.20
kJ mol~*. The ASyg was found to be —2.09 J mol~t K1,

Thus, both methods have yielded similar interaction
values for the initial, molten phase. The enthalpic

®3)
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Figure 3. Characterization of the molten phase of 22,8 PU:
(a) infrared spectrum in the amide I region (solid line) and
the free and disordered hydrogen-bonded components obtained
using band deconvolution routine described in the Experimen-
tal Section (dashed lines); (b) a van't Hoff plot based on the
concentration of free carbonyls found (Table 1).

difference, AHpg, is approximately —7.11 kJ mol~! per
urethane or —14.22 kJ mol~1 per repeat. Spectroscopic
data show that approximately 75% of the urethane
groups are hydrogen-bonded in the melt at any particu-
lar time. Given the motions available to the polymers,
this picture is a dynamic one averaging many possible
states. Nonetheless, the strong specific interactions will
play the role of effective cross-links. It has been shown
that hydrogen bonds hinder relaxation.’® As we shall
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demonstrate, this factor affects both the nucleation and
growth of strongly interacting polymers.

The strength and geometry of urethane hydrogen
bonds characterize the interchain interactions. A de-
scription of the single chain properties is evaluated by
the conformational order of the aliphatic segments.
Among all the characteristic vibrations of the methylene
sequence, the methylene wagging vibration is most
easily analyzed for the crystalline state. These modes
have been used to characterize the crystallinity of other
aliphatic polyurethanes.*® The region from 1280 to 1380
cm™1! is shown in Figure 2c.

In the melt, only the broad component at 1335 cm~1
associated with disordered chains is found. Upon crys-
tallization, several new bands appear as part of the
methylene wagging progression series for the octyl and
docosyl segments. The methylene units in a particular
segment can be modeled as a series of coupled oscilla-
tors. Usually the nearest neighbors are considered. As
a result, the vibration of each methylene unit becomes
nondegenerate. In this case, instead of observing one
wagging vibration, a progression of several vibrations
is observed. For a chain of parallel dipoles the frequency
is related to the segmental length by

w® = wy + 40" sinzd—zk 4)

where o' is related to the intramolecular coupling force
constant, d is the distance between two oscillators, and
k is the wave vector. The observed frequencies are
sensitive to both the numbers of units in a segment and
the conformation. Changes in these bands are charac-
teristic of conformational changes of an entire segment.
The bands at 1308 and 1361 cm~? can be attributed to
the octyl segments while the band at 1296 cm~! owes
its intensity to the docosyl segment.20

Spectroscopic Changes upon Melting 22,8 PU.
To validate our choice of the 1685 and 1308 cm~! regions
as appropriate monitors of the urethane and methylene
segments, we observed the changes in the infrared
spectra of 22,8 PU upon melting at a heating rate of 10
°C min~1, as shown in Figure 4. Immediately upon
heating, a linear decrease in the intensity at1308 cm—!
is observed. The hydrogen bonds, on the other hand, are
stable. Around 90 °C, the decrease in aliphatic order
accelerates, and on the basis of data from polyamides,
this behavior may coincide with a Brill transition.8
Changes in the hydrogen-bonded state are not observed
until a temperature near 120 °C is reached. Finally, the
structure melts at 135 °C. These results are consistent
with the changes seen upon melting of nylon-6,6.2! Solid-
state NMR studies of nylon-6,6 showed that, upon
heating, the individual methylene groups exhibit libra-
tional motion within the crystal, whereas the hydrogen-
bonded amides remain relatively immobile. As temper-
atures near the melting point are approached, the
amplitude of the methylene librations becomes very
large, and the number of ordered hydrogen bonds
decreases. Similarly, for the case of 22,8 PU, a structural
disordering is initiated first in the methylene chain stem
as observed from the intensity redistribution at 1308
cm~1. The main point here is that the two vibrations
chosen to describe the model polymer, 1685 and 1308
cm™1, correlate with specific structural changes in the
crystal.

Kinetics of Thermal Crystallization. Having vali-
dated that these infrared vibrations correspond to
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Table 1. Results from Curve Fitting of Amide | Region

disordered H bonds

free carbonyls

temp (°C) position (cm™1)  width (cm™?) area position (cm™1)  width (cm™?)  area total total? [free]
143 1716 39.8 20.75 1732 15.2 3.72 24.47 15.06 0.247
154 1717 39.8 20.53 1732 15.2 3.78 24.31 14.99 0.252
164 1717 39.8 20.49 1732 15.3 3.84 24.33 15.04 0.256
171 1718 39.8 20.45 1732 15.3 3.89 24.34 15.07 0.258
182 1718 39.8 20.22 1732 155 4.00 24.22 15.05 0.266
186 1719 39.8 20.11 1733 15.6 4.04 24.14 15.02 0.269

a Total area corrected by a factor (k) as described in the text.
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Figure 4. Changes in the band intensity associated with
ordered hydrogen-bonded urethane units (1685 cm™') and
methylene segments (1308 cm™?!) upon melting 22,8 PU. The
heating rate is 10 °C min~*. Intensities have been normalized
to the initial state.

specific structural changes, we wanted to observe the
correlation between interchain interactions and seg-
mental ordering during crystal formation. 22,8 PU was
crystallized at several different cooling rates ranging
from 2.5 to 15 °C min~1, and the infrared spectra were
simultaneously collected. Isothermal conditions are
conventionally used to study polymer crystallization. We
also tried isothermal conditions for this system, but we
found that thermal conditions are most effective for
observing differences in the Kinetics of order formation
between the two parts. Nonisothermal crystallization
conditions will give a broader distribution of crystal
thicknesses. These conditions will also produce a sharper
onset of crystallization. This last aspect can be varied
by changing the cooling rate.

The changes that occur in the amide | region upon
crystallization of 22,8 PU with a cooling rate of —5 °C
min~! are shown in Figure 5a. At the onset of crystal-
lization, a sharp increase is seen in the ordered hydrogen-
bonded (1684 cm~1) component. This is accompanied by
a simultaneous decrease in the number of free ure-
thanes and disordered hydrogen bonds. After this initial
stage, defined to be primary crystallization, the crystal-
lization rate diminishes significantly as shown. Order
formation then continues to consume both free and
disordered hydrogen bonds. Disordered hydrogen bonds
can exist either within the amorphous phase or within
the crystal. The free urethanes, on the other hand, can
only exist in the amorphous phase or at the lamellar
surface. In fact, it has been suggested that the ratio of
ordered hydrogen bonds to free urethanes should be
related to this crystal thickness.** The second crystal-
lization stage could then be made up of two different
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Figure 5. Crystallization behavior of 22,8 PU when cooled
at a cooling rate 5 °C min~*: (a) changes in the urethane units
based on the relative intensities of the various components
found in the amide 1 (C=O0 stretching) region; (b) changes in
the aliphatic conformation based on the methylene wagging
band in the1308 cm™ region (see text).

processes: conversion of amorphous material to crystal
or the removal of defects within the crystal. From the
relative intensities measured, the total amount of
hydrogen-bonded component reaches 90%. If we take
the sharp 1684 cm~! band to represent the volume
fraction of fully crystalline structure, we obtain a degree
of order of 25% at 1500 s. This value is comparable to
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the degree of crystallinity generally associated with neat
aliphatic nylons.®

Our analysis suggests that an additional component
might exist at 1692 cm~. However, the contribution of
this component contributes at most 5% to the overall
intensity in this region. Two crystalline phases were
detected in X-ray diffraction experiments: one triclinic
showing strong intensities at 3.7 and 4.6 A and the other
pseudohexagonal showing a diffuse intensity at 4.1 A.22
The contribution from the pseudohexagonal phase is
most apparent in rapidly quenched samples.

Simultaneously, we also observed order formation of
the methylene segments as shown in Figure 5b. After
removing the amorphous contribution of the disordered
band at 1335 cm™1, it is possible to monitor the sharp
prominent 1308 cm~! CH, wagging band in this region.
The intensity of this component and the amount of the
amorphous contribution is plotted in Figure 5b. As was
seen for the urethane components, the spectroscopic
features of the aliphatic segments also exhibit different
rates of change associated with different stages of
crystallization. During the second stage, defined to be
secondary crystallization, the position of the CH, wag-
ging progression band typically shifted 4 cm™! higher
from 1306 to 1310 cm~1. This result was typical for
crystallization at several cooling rates (2.5—15 °C min™1)
and was not correlated to temperature. Rather, this shift
must be related to segmental conformation changes that
occur during secondary crystallization. A measure of the
conformational order associated with the polymethylene
chains can be deduced from the intensity of the wagging
defect band. Our analysis indicates that 40% of the poly-
methylene sequences exhibit conformational order.

We were intrigued by the difference in the order
achieved associated with interchain interactions repre-
sented by hydrogen bonds (25%) vs the conformational
order represented by the number of ordered chain stems
(40%). In polymers, polymorphism suggests that con-
formational order does not necessarily correlate to
packing order. For example, the interchain interactions
in polyethylene are completely disrupted during the
phase transition from the orthorhombic to the hexagonal
state, yet the chain stem maintains its straightness.?

For 22,8 PU, the Kinetics is also quite different for
the two aspects of structural transformation. The Kinet-
ics of conformational order in comparison to interchain
order formation is shown in Figure 6. To relate the
differences between the hydrogen bonds and the ali-
phatic conformation, the intensities observed at 1685
and 1308 cm~! were normalized to the final state.
Crystallization was marked by three stages. In the
initial stage, both hydrogen bonds and chain conforma-
tion form order quickly and at a similar rate. Relatively
speaking, the hydrogen bonds form a higher degree of
order than the methylene segments in this initial stage,
but as shown in Figure 5, the degree of order at this
point is ~12% based on both hydrogen bonding and
aliphatic conformation. This first stage of crystallization
is followed by a slower, but linear, increase in the
urethane and aliphatic order. In this second stage,
conformational order forms slightly faster and to a
higher degree compared to the order achieved by the
hydrogen bonds. The third stage is characterized by the
point where the Kinetics of interchain and conforma-
tional order formation deviate from each other, for
example, at the 750 s interval when the cooling rate is
5 °C min~1. At this time, the rate of order formation
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Figure 6. Kinetics of ordered hydrogen bond formation
(intensity at 1685 cm™!) vs aliphatic conformational order
(intensity at 1308 cm™) during melt crystallization. The
cooling rate is maintained at 5 °C min~!. Intensities are
normalized to the final state.

begins to diminish for the urethanes. The aliphatic
segments, on the other hand, dominate the crystalliza-
tion process here for another 250 s. This behavior was
observed for all crystallization rates ranging from 2.5
to 15 °C min~1. However, the transition point to this
third stage is independent of temperature.

Various stages of structural ordering have been seen
in other polymers. Combined spectroscopic and light
scattering studies on the crystallization of syndiotactic
polystyrene have suggested that conformational changes
during the onset of order formation are related to the
orientation fluctuations that ultimately lead to crystal-
lization.?* Density fluctuations (5—40 nm) have been
observed by small-angle X-ray scattering (SAXS) prior
to reflections in wide-angle X-ray diffraction (WAXD)
during melt crystallization of polyethylene, isotactic
polypropylene, and poly(butylene terephthalate) and
cold crystallization of quenched aromatic polyesters,
which suggests that the order formation process may
not be an instantaneous one.?>~%7

Transformations in the Disordered Phase. The
different crystallization regimes observed for 22,8 PU
can be monitored in more detail by observing changes
in the disordered interchain interactions. Figure 7
shows the amide | disordered band shapes (free and
ordered components have been subtracted) at several
representative points along the crystallization curve.
This asymmetric band shape reflects the population of
hydrogen bond strengths and changes in the population
as the crystallization occurs. At the start of crystalliza-
tion (t = 0), the system is at equilibrium in the melt.
The broad band shape is somewhat asymmetric with a
full width at half-maximum (fwhm) of 34 cm~! and
considerable intensity at 1716 cm~. Prior to crystal-
lization (for example at t = 284 s), both a change in the
position and an increase in fwhm are observed. This
behavior was also observable from the raw data. In each
of the crystallization experiments performed, a continu-
ous increase in the fwhm of the amide 1 band was
always observed. No features of crystalline structure are
evident at this time. The changing shape of this band
represents a continuous transformation of disordered
states into more favorable ones. The order formation or
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Figure 7. Changes in the amide | disordered band during
crystallization at a cooling rate of 5 °C min~t. The C=0
stretching bands associated with free and ordered hydrogen-
bonded urethane units have been subtracted.

crystallization of these model polyurethanes clearly is
not a discontinuous process. We find the induction
period encompasses an entire distribution of interac-
tions of different strength. The entire ensemble evolves
into a more ordered state over a time scale slower than
we expected.

As shown in Figure 7 the secondary crystallization is
also characterized by the presence of a broad distribu-
tion of hydrogen bond strengths. This ensemble is
reflected in the intensity and particularly the shape of
the composite band in the region of 1691 cm~! between
the well-defined free component and the ordered one.
At the start of secondary crystallization (t = 338 s), the
maximum position remains fixed, although an increase
in fwhm is observed. The most dominant population
shifts to lower wavenumber, which is associated with
refinement in geometry. The changing shape of the
disordered composite band reflects either crystallization
of the amorphous phase or crystalline perfection. Growth
in these domains is evidently inhibited. After crystal-
lization is complete, the disordered band is highly
asymmetric with a maximum intensity at 1691 cm™1,
The amorphous regions are not liquidlike. This band
observed in the final stage does not resemble the band
observed in the initial liquid phase.

Determination of the Energy Changes during
Crystallization. The crystallization rates for the initial
crystal formation as a function of different cooling rates
are shown in Figure 8a. As expected, we observed higher
rates of crystallization and at larger supercooling for
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Figure 8. Crystallization of 22,8 PU at different cooling
rates: (@) primary crystal growth rates determined from
changes in the band intensity at 1685 cm™ with time; (b)
determination of the enthalpy change (AE) associated with
primary crystallization using an Arrhenius-type approach.

higher cooling rates. Conversely, the maximum occurs
with smaller supercooling, but at lower rates, for lower
cooling rates. These observations are expected for the
polymer crystallization process.?® Most studies on poly-
mer thermal crystallization have used differential scan-
ning calorimetry (DSC) as the principal technique. The
spectroscopy method shown here provides information
at a much more localized level. These crystal growth
rates can now be used to obtain the change in enthalpy
(AE) for the primary crystallization. For example, using
the simple relation based on modification of the Arrhe-
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nius equation to account for cooling rate29-3!

In(g) —_AE + const (5)

T2 RT,

c

where @ is the cooling rate (positive values) and T is
the peak crystallization temperature; AE for crystal-
lization can be found by plotting In(®/T.?) vs 1/T.. As
shown in Figure 8b, we found AE to be —22.01 kJ mol .

Using the correlation between Avyy and AHpg de-
scribed above, we can also obtain the AHyg of the initial
crystal. We find AHpp is —22.93 kJ mol~! repeat. After
accounting for the amount of ordered hydrogen bonds
that are obtained by converting free urethanes (56%
with Hfee — Hordered HB = —22.93 kJ mol™! repeat)
vs disordered hydrogen bonds (44% Hugisordered HB —
Hordered HB = —8.71 kJ mol~1 repeat), the total contribu-
tion from hydrogen bonding is —16.67 kJ mol~! repeat.
On the basis of a comparison between AE and the
hydrogen-bonding contribution, initial crystal formation
is apparently driven almost entirely by the interchain
interactions between urethane units. The methylene
chain seems to contribute little to the enthalpy of this
initial crystal.

Nucleation is typically described as a competition
between the surface vs the bulk free energy. These
terms are directly related to the energy of creating a
fold, the loss of translational entropy, and the stability
from crystalline interactions.332:33 The total free energy
thus depends on the size of the nucleus. Smaller nuclei
will not be stable due to the large unfavorable contribu-
tion from the surface terms. In a system of strongly
interacting chains, the molten phase consists of a
distribution of free and hydrogen-bonded states. Hy-
drogen bonds stabilize an interaction between chains
with little entropic penalty. In fact, 75% of the urethane
units are interacting in the molten phase of 22,8 PU.
Clearly, the system is in a state where pairwise “nuclei”
are already stable. In other words, the free energy
change associated with nucleus size should be perturbed
to favor smaller nuclei.

An energy diagram of the thermal crystallization of
22,8 PU can be postulated, as shown in Figure 9. The
free energy of the melt depends on the equilibrium
constant between free and hydrogen-bonded species. As
the temperature is increased, the number of free
urethanes will increase. A completely free state can
never be observed, however, before the polymer decom-
poses. Thus, starting with 75% of the urethanes inter-
acting initially, primary crystal formation shows an
enthalpic gain comparable to the hydrogen bond strength
and a structure where 12% of the urethanes and
methylene segments exhibit order. The secondary crys-
tallization stage shows order increases in the hydrogen
bonds to 25%, but the methylene segments order to a
greater extent of 40%. The enthalpy of fusion (AHg)
obtained from DSC (—45.60 kJ mol~1)?2 shows that the
overall enthalpic gain during secondary crystallization
is —23.60 kJ mol~1.

These values suggest that for this system of polymers
hydrogen bonding is the dominant term initially. In the
melt, 22,8 PU is seen as a physically cross-linked
network. This phase then evolves into order driven by
the ordering of hydrogen bonds into an initial crystal.
The perfection of this crystal is expected to be very low.
Later stages of crystal growth and perfection are
dominated by the flexible methylene chain. Studies have
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Figure 9. Change in free energy for 22,8 PU crystallized from
melt. The cooling rate from 160 °C is maintained at 5 °C min=.

shown that both the strength and the range of interac-
tions between protein molecules is crucial for crystal
nucleation and the eventual growth. An aggregate can
first form followed by a transition to the ordered phase.3*
Our spectroscopic data have characterized the initial
stage of order and the various stages of order evolution
for 22,8 PU.

Conclusions

In this spectroscopy study, we have followed the
crystallization behavior of polymethylene chains with
strong interacting groups placed periodically along the
chain. The kinetics is characterized by three stages: (1)
initial crystal formation driven by the formation of
ordered interchain interactions, (2) secondary crystal-
lization which involves converting disordered hydrogen
bonds and defect aliphatic segments to crystal, and (3)
further ordering of aliphatic chains.

Order formation during the induction period can be
observed by infrared spectroscopy. The induction period
is characterized by a continuous change in the ensemble
distribution of disordered amide I states. In other words,
urethane geometry or interaction strength improves
before “ordering.” The measured AE for primary crys-
tallization of —22.01 kJ mol~! also suggests that hy-
drogen bonding drives the initial order formation since
the magnitude is comparable to AHyg of the crystal.
Thus, while 12% of the aliphatic segments are already
straightened after initial crystallization, van der Waals
interactions seem to contribute very little to the overall
energy of the initial crystal.

During secondary crystallization, order formation in
the urethane units reaches a plateau, while the aliphatic
segments continue to straighten. By monitoring the
disordered hydrogen bonds, it can be seen that as the
temperature is lowered, more favorable geometries are
continuously formed. While thermal crystallization oc-
curs, this composite band increases in width and the
average intensity shifts to lower wavenumber. Growth
in these domains is severely inhibited. The ultimate
structure shows a dramatic difference between the order
characterized by interchain interactions (25%) and that
shown by conformational perfection (40%). In our ex-
periment, hydrogen bonds are observed in the molten
phase. Similarly, the hydrogen bonds also exist in the
crystals. We would presume that hydrogen bonds exist
at every phase measured. Our observations would
support a picture of structural evolution.
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