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ABSTRACT: Thecrystal structure and morphology of a series of linear aliphatic polyurethanes with generic
formula —(CH,),OCONH— and containing from 5 to 12 methylene units have been investigated by using
TEM combined with X-ray and electron diffraction analysis. Lamellar crystals with a thickness ranging
between 5 and 10 nm displaying a variety of crystal habits were obtained by isothermal crystallization from
diluted solution in different solvents. A crystal structure similar to that described for the layered o-form of
nylons seems to be commonly adopted by these polyurethanes. It essentially consists of a triclinic lattice made
of hydrogen-bonded sheets with chains in fully extended conformation. Chains within the sheets are arranged
in the antiparallel mode giving a normal scheme of hydrogen bonds. Sheets are stacked along the h-axis and
progressively shifted along both @ and ¢ axes. The interchain and intersheet distances in this lattice are of
values similar to those found in nylons. Energy calculations were in agreement with the arrangement
proposed for chain packing. X-ray diffraction recorded from heated samples at real times showed that none of
these polyurethanes undergoes Brill transition although odd members displayed structural changes con-
comitant with the occurrence of an unfinished ongoing process. The IR analysis at variable temperature
revealed that approximately 50% of hydrogen bonds were retained upon heating at temperatures fairly above

melting.

Introduction

Linear polyurethanes are a well-known class of polymers of
great industrial significance and with a broad range of applica-
tions."? They may be aliphatic or aromatic, and depending on
whether one difunctional monomer or two complementary bifunc-
tional monomers are used for polymerization, they are classified as
A-B or AA-BB types, respectively. Aliphatic AA - BB-type poly-
urethanes, abbreviated as m,n-PUR, are nondirectional polymers
usually obtained by step-growth polyaddition of a,w-alkanediols
to diisocyanates containing m and n carbon atoms, respectively.’
Aliphatic A - B-type polyurethanes, abbreviated as n-PUR, consist
of directional chains made from o,w-isocyanate alcohols contain-
ing n carbon atoms. Whereas m,n-PUR are easily attainable and
widely spread materials, n-PUR are relatively uncommon due to
the difficult access to the monomers required for their synthesis.
Nevertheless, we have described a reliable method of preparation
of n-PUR from o,w-amino alcohols that makes these polymers
much more available.* Later other useful methods of preparation
for n-PUR from amino alcohols have been published.>

From the point of view of their chemical constitution, poly-
urethanes may be envisaged to be hybrid between polyamides and
polyesters inasmuch the urethane group includes both the amide
and the ester groups. Even so, the overall pattern of behavior of
polyurethanes is closer to polyamides because their ability to
form hydrogen bonds using the “amide” moiety of the urethane
group. In fact, linear aliphatic polyurethanes may be considered
as deriving from nylons with the same number of atoms in the
main chain, in which the o-methylene unit has been replaced by
an oxygen atom (Scheme 1). Most of the linear polyurethanes are
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semicrystalline polymers displaying large crystallinity and fairly
high melting temperatures,” and the structure of aliphatic
m,n-PUR has been largely investigated in the past. Kinoshita
et al.”® described the crystal structure of these polyurethanes as
being very similar to that found in nylons of AA-BB-type and
later work made on very long chain members has confirmed the
close structural resemblance existing between these two polymer
families.””"" In all reported cases, polyurethanes adopt the
typical structure of polyamides with chains in fully extended
conformation and packed in a crystal lattice made of hydrogen-
bonded sheets. On the contrary, the information on hand about
the structure of n-PUR is actually meager. Leaving aside some
characterization data published as complementary to synthetic
work,* it is restricted to a couple of recently published articles
dealing with their thermal properties and crystallization beha-
vior.'*!3 To the best of our knowledge, the crystalline structure of
n-PUR has not been investigated to date in any aspect.

In this paper, we wish to report on the crystal structure and
morphology of the n-PUR family for n values from 5 to 12.
Diffraction data provided by X-ray and electron diffraction of
both pristine powder and lamellar crystals grown in solution are
analyzed and interpreted with the support of energy calculations.
Since n-PUR are structurally analogous to n-nylons, the eluci-
dation of the structure has been made by relying largely on the
wide knowledge that has been coined on these polyamides.'*
Depending on the nylon and crystallization conditions, two
crystal forms, named o and y forms, are known to be adopted
by n-nylons. The a-form, described for the first time by Holmes
et al.'” consists of a layered array of hydrogen-bonded sheets with
chains in fully extended conformation and stacked with a
separating spacing around 0.37 nm. The y-form is a hexagonal
or quasi-hexagonal array of 2-fold helices separated 0.41 nm with
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hydrogen bonds running along a unique direction within the
crystal.'® Several modifications may exist for the a-form which
vary in the pattern in which neighboring chains are arranged in
the crystal lattice.'"® Whereas odd-nylon chains within the
hydrogen-bonded sheets may be arranged in either parallel or
antiparallel mode, i.e., following an oblique or normal scheme of
hydrogen bonds, respectively, only the later is feasible for even-
nylons provided that all hydrogen bonds are comfortably made.
Furthermore, hydrogen-bonded sheets made of odd-nylons are
polar whereas those made of even nylons are nonpolar since the
CO dipoles become canceled out in this case due to the two
opposite orientations adopted by the amide groups.'**’

With the purpose of making comparison of 7-PUR with nylons
more straightforward, in this study the value of n has been made
to correspond to the number of carbons contained in the
uninterrupted polymethylene segment. In this way, n-PUR com-
pare perfectly to (n 4+ 2) nylons since they have the same

Scheme 1. Compared Chemical Structures of Nylons and Polyurethanes
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even—odd parity, contain the same number of backbone atoms
in the repeating unit and share the same scheme of hydrogen
bonds (Scheme 2).

Experimental Section

Materials. The polyurethanes used in this study were obtained
by polyaddition of the corresponding a,w-isocyanate alcohols,
which were synthesized by reaction of o,w-amino alcohols with
di-tert-butyl tricarbonate. A detailed account of the synthesis and
chemical characterization of these polyurethanes has been reported
elsewhere.* Some data of n-PUR of outstanding relevance in the
context of this work are given in Table 1.

Methods. Crystallization of n-PUR was accomplished iso-
thermally from diluted polymer solutions (0.1% w/w). A variety
of solvents like glycerin, triethylene glycol (TEG), propylene
carbonate (PC), and several alkanols, were used at different
crystallization temperatures. Crystal growing was monitored by
phase-contrast optical microscopy and the grown crystals were

Table 1. Molecular Weights and Thermal Data of n-PUR.”

Lb ]—vmd AHm([ Tgc Oz—vm/'
n-PUR (nm) M,* PD¢ (°C) (J-gh “cC) (O
5-PUR 0.98 22300 1.5 127 90 13.5 171
6-PUR 1.10 34400 1.4 157 112 10.5 191
7-PUR 1.22 26500 1.5 114 63 2.5 131
8-PUR 1.35 30500 1.6 146 120 —1.0 185
9-PUR 1.46 67400 1.6 116 116 —-1.0 136
10-PUR 1.59 32600 1.7 148 127 —6.0 162
11-PUR 1.71 20300 1.5 119 115 n.o 138
12-PUR 1.84 21400 1.6 141 128 n.o 157

“ Experimental data taken from refs 4 and 13. ? Length of the CRU in
fully extended conformation Ly = I(n + 3) taking 0.122 nm as the
average length bond. ¢ Weight-average molecular weight and polydis-
persity degree determined by GPC. ¢ Melting temperature and enthalpy
determined by DSC at a heating rate of 10 °C-min~' from synthesis
samples. “Glass transition determined by DSC at a heating rate of
20°C-min”' from quenched samples.” Equilibrium melting temperature
determined according to Hoffman and Weeks.

Scheme 2. Possible Chain Arrangements in Hydrogen-Bonded Sheets Made of Odd and Even n-PUR
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Figure 1. TEM micrographs of lamellar crystals of odd n-PUR crystal-
lized at 90 °C in the indicated solvents. Key: (a) 5-PUR in glycerin, (b)
7-PURIn TEG, (¢) 9-PUR in TEG, and (d) 11-PUR in TEG. Insets: ED
patterns of the corresponding lamellae.

recovered by centrifugation, repeatedly washed with 1-butanol
and stored in suspension in this solvent until used. Crystal
mats to be examined by X-ray diffraction were prepared by
slow filtering of the 1-butanol crystal suspensions. A total of
20—30 mg of polymer was crystallized in order to obtain the
minimum amount of sediment required for this analysis.

X-ray diffractograms from powders were obtained in a
Debye—Scherrer camera INEL CPS-120 provided with a detec-
tor sensible to position 120° and 4096 measuring channels, and
using acquisition times of 3600 s. X-ray diffraction patterns
from crystal mats were recorded on photographic films using a
modified Statton camera and calibrated with molybdenum
sulfide powder (dypr = 0.6147 nm). CuK, radiation of wave-
length 0.1541 nm was used in all these diffraction experiments.
X-ray diffraction data from heated samples were taken at real
time using synchrotron light in the B16 line of ERSF (Grenoble,
France) or A2line of DEYSY (Hamburg, Germany). Transmis-
sion electron microscopy (TEM) observations were carried out
on a Philips-Tecnai instrument operating at 80 and 100 kv for
bright field (digital camera attached) and electron diffraction
(photographic film), respectively. Electron diffraction (ED) was
recorded in the selected area mode and patterns were internally
calibrated with gold (d;;; = 0.235 nm). Samples for observation
were prepared by depositing a drop of the 1-butanol crystal
suspension on freshly prepared carbon coated grids. Crystals to
be observed in the bright field mode were shadowed with
platinum—carbon at an angle of approximately 15° whereas
unshadowed samples were used for electron diffraction analysis.
Infrared spectra were acquired on a Perkin-Elmer FTIR 2000
spectrometer with a resolution of 4 cm™"'. Spectra from heated
samples were obtained using a variable temperature cell
P/N 21525 with a precision of +5 °C.

Results and Discussion

Lamellar Crystals of n-PUR. The crystallization of n-PUR
from diluted solution was carried out in a variety of solvents
with the purpose of obtaining lamellar crystals with mor-
phologies and sizes suitable for electron diffraction analysis.
Results were largely dependent on the even—odd parity of
the polyurethane, the selection of appropriate solvents being
much more restrictive for odd than for even n-PUR.
A representative assortment of lamellar crystals of odd
n-PUR crystallized at 90 °C in either glycerin or TEG
is shown in Figure 1. Attempts made to obtain lamellae of

Figure 2. TEM micrographs of lamellar crystals of even n-PUR crystal-
lized in PC at the indicated temperatures. Key: (a) 6-PUR at 117 °C, (b)
8-PUR at 115 °C, (c) 10-PUR at 110 °C, and (d) 12-PUR at 105 °C.
Insets: ED patterns of the corresponding lamellae.

7-, 9-, and 11-PUR in glycerin afforded poorer results than
when TEG was used whereas 5-PUR could not be crystal-
lized in TEG. Furthermore, the crystal morphology dis-
played by n-PUR was found to be extremely sensitive to
crystallization conditions to the point that quite dissimilar
morphologies were obtained in different experiments made
under the same conditions (some additional pictures of odd
n-PUR crystallized in TEG are provided in the ESM file for
illustration). Nevertheless, multilamellar elongated crystals
with a more or less rectangular shape and several micro-
meters width were obtained in all cases. Since crystals did not
grow as isolate entities, they became unavoidably piled up
upon deposition on the carbon film making their detailed
morphological analysis difficult. Surface striations and ser-
rated edges, which are described in the literature as typical
features of nylon lamellae,*'** and in particular of odd nylon
lamellae,'® are displayed in most of cases. The thickness of
the individual lamellae estimated from their shadow lengths
oscillates between 4 and 8 nm, the value increasing progres-
sively with the value of n.

Crystallization of even n-PUR in both PC and TEG
solvents afforded really good results. Selected pictures of
lamellar crystals grown in these two solvents are shown in
Figures 2 and 3, respectively. It is seen that more or less
isolated multilayered platelets displaying features similar to
those typical of nylon lamellae were obtained in all cases. As
before, the rectangular or oblique shape appears to be the
usual habit displayed by even n-PUR lamellae, and it is also
worthy to note the presence of corrugations at the crystal
surfaces and serrated front growing edges in most of them.
Particularly large sizes were obtained in TEG with lamellar
widths attaining up to several tenths of micrometers. The
lamellar height was confined again within the 4—9 nm range
and shows the same trend with » as indicated before for the
odd series. Even n-PUR could be also successfully crystal-
lized from aliphatic alcohols rendering lamellar crystals
much more elongated than in the other solvents but having
similar thickness. Illustrative pictures of these needle-like
lamellar crystals are provided in the ESM file.

Essentially the same selected area ED pattern was pro-
duced by all n-PUR lamellar crystals regardless the length or
parity of the polymethylene segment, or even the tempera-
ture or solvent used for crystallization. Notwithstanding,
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Figure 3. TEM micrographs of lamellar crystals of even n-PUR crystal-
lized in TEG at the indicated temperatures. Key: (a) 6-PUR at 120 °C,
(b) 8-PUR at 120 °C, (c) 10-PUR at 135 °C, and (d) 12-PUR at 105 °C.
Insets: ED patterns of the corresponding lamellae.

Figure 4. ED pattern of 10-PUR single crystal. (a) Untilted. (b) Tilted
~30° around the long dimension of the lamella.

ED patterns were found to be extremely sensitive to crystal
tilting as it is illustrated in Figure 4 for the particular case of
10-PUR. The pattern registered from untilted crystals con-
sisted of two symmetrical pairs of sharp reflections with a
spacing of 0.44—0.43 nm and oriented at an angle close to 30°
respect to the long dimension of the crystal. Upon tilting of
the specimen under observation at an angle around 30°, the
pattern retained the mm symmetry but the single reflections
were replaced by a row of closely spaced spots covering a
range of spacings of 0.45—0.35 nm. Simultaneously, a new
pair of strong reflections with a spacing of 0.38—0.37 nm and
oriented normally to the long crystal side came into view.
According to nylon antecedents, hydrogen-bonded sheets in
these crystals should be expected to be aligned with hydrogen
bonds pointing to the fastest growing front of the crystal.
The changes observed upon tilting are therefore a clear
indication that sheets must be tilted with respect to the
lamellar surface normal in a similar way as it uses to happen
nylons crystallized in the a-form.** The symmetry displayed
by the pattern is attributed to the occurrence of twin-
ning, which is also a frequent phenomenon taking place in
nylons.?"**?* Accordingly, n-PUR lamellar crystals are
interpreted to consist of twinned domains with the hydro-
gen-bonded sheet plane being the only composition plane. A
scheme of the ED pattern is depicted in Figure 5 together
with a draft of the projected crystal lattice from which it
arises. Interpretation of the ED pattern was made on the
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Figure 5. Scheme of the electron diffraction pattern recorded from
lamellar crystals of n-PUR (a) and the lattice from which it arises (b).

following premises: (a) The 0.38—0.37 nm reflection is
associated with the distance between adjacent hydrogen-
bonded sheets and therefore indexed as 0k0 (k=1 or 2). (b)
Hydrogen bonds run along the g-axis with a distance bet-
ween hydrogen-bonded chains of 0.48—0.49 nm; hydrogen-
bonded chains are assumed to be in antiparallel arrangement
(normal scheme) so that the a parameter of the unit cell needs
to be doubled to accommodate two chains in opposite
orientation. (c) Because of the fact that chains are leaning
in the lamella, all the 740 planes other than #00 planes fall out
the Ewald sphere and they become therefore missing in the
untilted ED pattern; as expected, they come into view when
the sample is tilted in the microscope at angles close to the
chain tilting angle.

The ED pattern obtained for each n-PUR is shown in the
inset attached to its respective bright field image in Figures 1,
2,and 3. All spacings values measured by electron diffraction
of lamellar crystals together with those provided by X-ray
diffraction (see below) for the whole family of n-PUR studied
in this work are listed in Tables 2 and 3.

Powder X-ray Diffraction of n-PUR. The X-ray diffraction
profiles recorded in the medium to wide-angle range from
powdered samples of n-PUR coming directly from synthesis
are shown in Figure 6 where even and odd members are
separately compared. Two intense peaks at d-spacings of
~0.44 nm and ~0.38 nm are seen in the wide-angle region of
odd n-PUR (Figure 6a). The profiles obtained for even
n-PUR also display these two diffraction peaks although at
slightly lower spacings (0.43 and 0.37 nm), and accompanied
by a third peak at a d-spacing of 0.40—0.41 nm. This latter
peak gradually decays in intensity with increasing value of
n to become almost absent in the profile of 12-PUR
(Figure 6b). In addition to the main peaks, a weak or very
weak peak below 20 ~ 15° is also detected for both series,
even and odd. The exact position of this peak steadily shifts
to smaller angles with increasing values of n. According to
the information provided by ED, it becomes clear that
spacings observed in the wider angle region must be related
to the side-by-side packing of the chains whereas those
appearing at smaller angles should arise from 00/ planes.

Attempts to obtain oriented samples from n-PUR by
pulling and stretching fibers proved unsuccessful, in part
because severe limitations in the amounts of available ma-
terial existed. On the other side, mats exhibiting partial
orientation could be prepared by quiet filtration of 1-butanol
suspensions of n-PUR lamellar crystals. The X-ray diffrac-
tion patterns obtained from edge-viewed 6-, 11-, and
12-PUR mats are shown in Figure 7. Three arced reflections
are seen in the wide angle region of the pattern coming from
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Table 2. Diffraction Data and Crystal Parameters of Odd n-PUR

d (obsd)*
powder lamellar crystals density® (g-mL™")
WAXS ED WAXS hil® d (calcd)® unit cell® (nm, deg) N measd caled
5-PUR
0.605 m 0.605 m 001 0.598 a =098 b =128 ¢=098 4 1.20 1.19
0.435s 0.435s 0.440 s 200 0.444 o = 404° = 90° y = 74.1°
0.370 s 0.375s 0.370 s 020, 220 0.376, 0.376
0.240 w 420 0.235
7-PUR
0.820 w 001 0.820 a=098b =118 ¢ =122 4 1.15 1.15
0.450 s 0.445 s 0.450 s 200 0.446 o = 45.0°% 6 = 90°% y = 72.9°
0.390 s 0.380's 020220 0.379, 0.376
9-PUR
0.980 m 0.98 m 001 0.981 a=098b=1.18,¢c =146 4 1.14 1.13
0.450 s 0.445 s 0.450 s 200 0.446 o= 44.9°p =90°%y = 73°
0.375s 0.385s 020220 0.379,0.376
11-PUR
1.190 m 1.190 m 001 1.189 a=098b=1.15c¢c= 171 4 1.10 1.11
0.450 s 0.445 s 0.450 s 200 0.445 o = 46.8° = 90° y = 72.3°
0.390 s 0.380 s 020,220 0.381, 0.377

“Bragg spacing (in nm) experimentally determined by X-ray and electron diffraction with indication of visually estimated intensity (s: strong, m:
medium, w: weak). * Indexing and spacings (in nm) calculated on the basis of their respective unit cells. ¢ Unit cell parameters determined on the basis of
observed diffraction data.  Number of CRU (chemical repeating unit) contained in the unit cell. ¢ Density measured in MeOH —glycerin mixtures by the
flotation method and calculated for the proposed unit cell.

Table 3. Diffraction Data and Crystal Parameters of Even n-PUR

d (observed)”
powder lamellar crystals density® (z-mL™Y)
WAXS ED WAXS hicl? d (caled)? unit cell® (nm, deg) N measd caled
6-PUR
0.760 w 0.760 s 002 0.766 a=0.96;b=0.55c¢=220 4 1.17 1.22
0.430 s 0.430 s 0.430 s 200 0.437 o = 46.8°% = 90° y = 72.5°
0.400 s 0.400 s 0.400 s 201, 211 0.391, 0.399
0.365 s 0.365's 0.365 vw 010, 210 0.366, 0.365
0.240 w 0.240 w 0.235w 410 0.240
8-PUR
0.970 w 0.970 w 002 0.972 a=0.96;b=0.55c¢=270 4 1.10 1.17
0.430s 0.430 s 0.440 s 200 0.430 o = 49.2° 5 = 90° y = 70.3°
0.400 m 0.410s 201, 211 0.395, 0.404
0.370 s 0.380 s 010, 210 0.373,0.377
0.240 w 0.240 vw 410 0.237
10-PUR
1.135w 1.120 w 002 1.137 a=0.96;b=0.55c¢=3.19 4 1.09 1.17
0.430s 0.430 s 0.440 s 200 0.430 o = 48.6°% = 90° y = 70.5°
0.410 w 0.400 s 201, 211 0.400, 0.398
0.370 s 0.375s 010, 210 0.369, 0.374
12-PUR
1.280 m 1.280 m 002 1.281 a = 0.96;b = 0.56; c = 3.68 4 1.08 1.16
0.430s 0.430 s 0.430s 200 0.430 o = 47.3°% 6 = 90° y = 70.9°
0.370 s 0.370 s 010, 210 0.368, 0.374

“Bragg spacing (in nm) experimentally determined by X-ray and electron diffraction with indication of visually estimated intensity (s: strong, m:
medium, w: weak). ” Indexing and spacings (in nm) calculated on the basis of their respective unit cells. ¢ Unit cell parameters determined on the basis of
observed diffraction data. “ Number of CRU (chemical repeating unit) contained in the unit cell. ¢ Density measured in MeOH —glycerin mixtures by the
flotation method and calculated for the proposed unit cell.

6-PUR. The innermost reflection (0.42—0.43 nm) is equato- In agreement with diffraction results obtained from pow-
rially oriented whereas the outermost one (0.37—0.38 nm) is dered samples (see above and Figure 6) this reflection
off-meridional. The intermediately located reflection with does not appear in 12-PUR and it is also absent in all odd

spacing at ~0.41 nm displays an intermediate orientation. n-PUR. On the other hand, the scattering observed in the
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Figure 6. WAXS profiles of n-PUR registered from synthesis powder:
(a) odd n-PUR and (b) even n-PUR.

Figure 7. WAXS patterns of lamellar crystal mats: (a) 6-PUR,
(b)11-PUR, and (c) 12-PUR. Insets in parts b and c: Low angle
reflections associated with the lamellar thickness.

medium-low angle region is meridionally oriented and it
must be therefore related to the basal planes of the crystal
lattice or even to higher orders of the scattering of the lamella
itself. The spacing appearing in this group between 0.6 and
1.2 nm (which is indexed as 001 or 002 for odd and even
n-PUR, respectively) along with the length of the chemical
repeating unit (CRU) of each n-PUR in fully extended planar
conformation, Lo, are plotted against » in Figure 8. The 00/
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Figure 8. Length of the fully extended CRU (L) and 00/ spacing of
n-PUR vsn (I = 1 or 2 for odd or even values of n, respectively).

spacing is seen to increase almost linearly with n and to
correlate well with the CRU length value.

The diffraction analysis of these lamellar mats, in spite of
their moderate orientation, was proven to be extremely
helpful for the elucidation of the crystalline structure of
n-PUR given the inaccessibility to fiber samples. The infor-
mation provided by the mat patterns strongly supported the
interpretation made of the lamellar ED patterns regarding
side-by-side chain packing. Furthermore, it corroborated
that lamellae must be horizontally deposited with chains
tilted to the mat axis affording substantial evidence on the
orientation of k0 planes within the lamella. On the basis of
this information, the medium-angle reflections could be
indexed without ambiguity as 00/.

Crystal Structure of n-PUR. The information provided by
ED and WAXS analysis allowed putting forward a crystal
structure for n-PUR at the medium level of accuracy. In
order to fit the two Ak0 spacings observed by X-ray diffrac-
tion, the projected unit cell parameters were determined
for all the members of the series on the condition that s
~ 0.44 nm and ds>g & dyrg ~ 0.38 nm. A detailed account of
calculations leading to the determination of unit cell para-
meters is given in the ESM file. Hydrogen bonds within the
sheets set between antiparallel chains following the normal
scheme and making = 90°. A value of a between 0.960 and
0.980 nm corresponding to the double of the interchain
distance was assumed according to most of antecedents on
hydrogen-bonded structures in nylons.'>** The unit cell was
established by taking ¢ equal to Ly (the extended n-PUR
constitutional repeating unit). A triclinic unit cell with a =
0.980 nm, ¢ = (n 4+ 3) x 0.122 nm and S = 90°, and o and
y angles slightly oscillating around 45° and 73° depending on
the n value was able to explain all the diffraction data
gathered for the whole series of odd n-PUR. In this structure
hydrogen-bonded sheets are stacked along the b-axis and
sheared by a constant displacement of 0.35—0.40 nm along
both g-axis and c-axis. As the sheets are polar (all C=0
bonds within the sheet are pointing to the same direction)
two arrangements are feasible for adjacent sheets leading to a
polar or nonpolar lattice, respectively. As it is mostly de-
scribed for odd nylons, a structure with neighboring sheets in
alternating orientation so that amide dipoles become can-
celed out, isassumed to occur in odd n-PUR. It is noteworthy
that the shift of the sheets along the c-axis corresponds
roughly to the displacement of one —O—C—N— main chain
sequence so that the urethane groups become homogenously
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Figure 9. Schematic representation of the crystal lattice of 5-PUR. (a) Hydrogen-bonded sheet plane (ac plane) with hydrogen bonds set in the normal
scheme. (b) Projection along the c-axis with hydrogen-bonded sheets displaced along the a-axis so that chains along the b-axis are in antiparallel
arrangement. (c) Projection along the a-axis showing the shift of the chains along the c-axis.

distributed in the overall crystal space. The shift along the
a-axis is such that one chain is located nearly equidistant
from their six neighbors with a separating distance fluctuat-
ing between 0.4 and 0.5 nm.

Since diffraction data obtained for even n-PUR are
essentially the same as those obtained for the odd series, a
similar crystal lattice may be put forward. In this case the
parameters of the triclinic unit cell matching optimally
diffraction data are @ = 0.960 nm, ¢ =2(n + 3) x 0.122 nm
and = 90° with a and f angles taking values around 48°
and 70° respectively. Minor deviations from odd nylons
in a, a and 8 parameters resulted upon adjusting the unit
cell to the experimental values due to some slight differences
in diffraction data. Conversely, differences concerning
b and c¢ axes are due to the presence of the 2; symmetry
displayed by the even n-PUR chain. The 2-fold axis requires
doubling the ¢ parameter but makes unnecessary doubling
the b-axis; since sheets are identical (they are nonpolar), a
unique arrangement is feasible regarding their mutual
orientation and the lattice would repeat every sheet along
the b direction.

One striking point of this study is that X-ray diffraction of
even n-PUR is clearly distinguished by the presence of the
reflection at 0.40—0.41 nm which is absent in the odd n-PUR
series. Such reflection is seen with medium intensity for
6-PUR and decays with n to vanish almost completely for
12-PUR (Figure 6b). The occurrence of a second polymorph
making feasible the indexing of this reflection as /10 is in
disagreement with the structural behavior observed for
n-PUR upon heatinég gsee below).

McKiernan et al.”"' reported recently on the structure of
m,n-PUR containing long polymethylene segments and attri-
buted the presence of a reflection of similar characteristics to
the scattering generated by &kl planes. We found indeed that
the 0.40—0.41 reflection could be indexed as hkl, more
specifically as 201/211, and noticed that it is present in the
ED patterns recorded from tilted samples. The fact that this
reflection decreases in intensity with » along the even series
and becomes absent in the odd series could be due to
canceling effects on structure factors.

It should be finally noticed that since two of the three unit
cell axes are doubled in the two series, the unit cell contains
four chains in both series. As indicated in Tables 1 and 2, the
density calculated for the proposed lattices are in excellent
agreement with values estimated experimentally in all cases.

A schematic representation of the crystal lattice is depicted in
Figure 9 using 5-PUR for illustration.

Energy Calculations and Modeling. An energy minimiza-
tion analysis was carried out in order to estimate compara-
tively the stability of the different structures for n-PUR that
are compatible with the experimental data obtained by
diffraction analysis. Molecular mechanics energy calcula-
tions were performed by using the TINKER package, con-
sidering a modified version of the MM3 force-field. Periodic
boundary conditions were applied in three directions of
space, so infinite chains were considered.

Odd n-PUR: Hydrogen-Bond Scheme and Orientation of
Polar Sheets. The normal and oblique hydrogen-bond
schemes were compared for 5-PUR. A single infinite hydro-
gen-bonded sheet, with explicit inclusion of 4 dimer-chains
was considered. Optimization of both structures showed that
the normal scheme was energetically more favored with an
energy difference of about 0.20 kcal-mol ™' of repeating unit.
The polar forms (successive hydrogen-bonded sheets with
amide dipoles pointing out to the same direction) for 5-PUR
were then compared with the nonpolar forms (successive
sheets alternating in polarity). The polar forms were always
less favored than the nonpolar ones, with an energy surplus
difference of about 2 kcal-mol™" of repeating unit. More-
over, when the unit cell was allowed to relax, significant
alteration of the experimentally cell parameters were ob-
served for the polar form. The same results were obtained for
both normal and oblique hydrogen-bonded sheets.

Odd- and Even n-PUR: Crystal Structure. An infinite
crystal was considered for each n-PUR with chains in the
sheets arranged in the normal hydrogen-bond scheme
for both series. The periodic system consisted of a box
explicitly including 4 sheets, each one with 4 dimer-chains,
i.e., 32 monomer repeating units, and with fixed crystal
lattice parameters taken from Tables 2 and 3. Sheets were
stacked with a progressive displacement along the c-axis
direction (about 3—4 main chain atoms according to unit
cell data given in Tables 2 and 3) and with alternating
opposite polarity orientation in the case of the odd series.
Both the parallel and antiparallel arrangements of chains
along the h-axis were analyzed and energetically compared.
Asitis summarized in Table 4, the energy values obtained by
minimization show that both arrangements have similar
stability with energy differences being less than 0.30 and
0.40 kcal-mol ™" of repeating unit for the odd and even series,
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respectively. These data reveal that stability differences
between the two arrangements are very small so a random
mixture of them most likely occurs in the real structure.
Maybe worthy to point out however that, within the small
range of energy values, the antiparallel arrangement appears
to be favored in the odd n-PUR where the opposite seems to
happen in the even series.

Energy minimization with optimization of unit cell para-
meters (leaving free b, o. and y parameters) was also carried
out. Energy differences between parallel and antiparallel
arrangements were even smaller than when unit cell para-
meters were fixed (around 0.10 and 0.20 kcal-mol~ ' of
repeating unit for the odd and even series, respectively).
Furthermore, deviations of the parameters for the optimized
structure were small, usually less than 5%. These results are
given in detail in the ESM.

Table 4. Compared Energy (in kcal-mol " of Repeating Unit) for the
Two Feasible Arrangements of Chains along the h-Axis

n-PUR arrangement AE n-PUR arrangement AFE
5-PUR parallel 0.04 6-PUR parallel 0.00
antiparallel 0.00 antiparallel 0.04

7-PUR parallel 0.24  8-PUR parallel 0.00
antiparallel 0.00 antiparallel 0.32

9-PUR parallel 0.00 10-PUR  parallel 0.00
antiparallel 0.01 antiparallel 0.38

11-PUR  parallel 0.19 12-PUR  parallel 0.00
antiparallel 0.00 antiparallel 0.20
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Heating Effects on the n-PUR Crystal Structure. The
melting behavior of n-PUR has been examined recently
and their crystallization kinetics established using the
Avrami approach.”® n-PUR display sharp melting at tem-
peratures within the 119—170 °C range (Table 1) and all are
able to crystallize from the melt with a good reproducibility
in both melting temperature and enthalpy. Now we have
investigated the structural changes that take place in the
crystalline phase as well as the alterations undergone by the
hydrogen bonds upon heating and cooling in a range of
temperatures going from room to above melting by using
real time X-ray diffraction and infrared spectroscopy.

It is widely known that polyamides usually show the Brill
transition upon heating at temperatures close to melting.
This transition is described as a crystalline transformation
from a triclinic to pseudohexagonal phase and it is revealed
by the fact that the 100/110 reflection related to the intrasheet/
interchain distance and the 010 reflection related to the
intersheet distance merge into a single reflection. The true
nature of the Brill transition regarding hydrogen bonding is
still controversial; the predominant interpretation assumes
that the hydrogen-bonded structure is maintained through-
out the transition.?® The Brill transition is strongly depen-
dent on molecular structure and crystallization conditions.
At difference with nylons, no study exploring the occurrence
of this transition in polyurethanes has been reported.

With the aim of knowing the effect of temperature on the
crystal structure of n-PUR, a systematic analysis of the
changes taking place in the diffraction pattern produced by
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Figure 10. (a and b) Real time X-ray diffraction profiles recorded from 5-PUR and 6-PUR at heating from room temperature up to 210 °C. (2’ and b’)
Evolution of the 200 and 020/220 spacings (5-PUR), and 200, 010/210 and 201/211 spacings (6-PUR) with temperature.
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Table 5. Heating Effects on the Structure of n~-PUR

WAXS (doo/dorojno)” FTIR (Ao/Ap/Ag)’
n-PUR | 11 | I1 IT1

5-PUR 1.16 1.09 65/25/10  20/35/45  0/60/40
7-PUR 1.17 111
9.-PUR 118 1.08
11-PUR 1.19 1.14
6-PUR 1.15 115 60/25/15  30/30/40  0/50/50
8-PUR 1.15 1.14 55/25/20  30/35/35  0/40/60
10-PUR 1.14 1.13 50/30/20  35/25/40  0/45/55
12-PUR 1.14 1.13 50/40/10  20/40/40  0/55/45

“Spacing ratio determined by WAXS; I: room temperature and II: just
before melting. b Ratio of ordered (A4,), nonordered (4p) and free (4r)
CO: I, at room temperature; I, at melting; I11, at 30 °C above melting.
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Figure 11. IR spectral changes observed for 6-PUR upon heating from
room temperature up to 210 °C: (a) CO region; (b) NH region.

these polymers has been carried out for the whole family. The
wide-angle powder X-ray diffraction profile was recorded
with synchrotron light from samples subjected to heating ata
rate of 10 °C-min~'. The results obtained for 5-PUR and
6-PUR are shown in Figure 10. A slight continuous decreas-
ing and increasing is simultaneously observed for the 200 and
0/0/hk0 reflections respectively for the case of 5-PUR
whereas almost no variation occurred in the scattering of
6-PUR. The illustrated behavior is representative for their
respective series and results obtained for each n-PUR are
compared in Table 5. It seems that odd n-PUR behave
similarly to nylons with the two spacing seen at room
temperature converging toward just one of intermediate
value upon heating. However occurrence of melting prevents
the Brill transition to be completed, which otherwise would
take place at temperatures between 200 and 240 °C. On the
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Figure 12. Evolution of the % of 1685 and 1720 cm ™' band areas with
temperature for 5-PUR (a), 6-PUR (b), and 12-PUR (c).

contrary, the crystal structure of even n-PUR appeared to be
more stable without showing any clear trend to convergence.
The Brill transition entails the sliding of neighboring sheets
and the fact that this movement is forbidden in the even series
but not in the odd series has to be imputed to differences in
the hydrogen-bonded sheet interactions existing between
them.

To determine when and how much hydrogen bonding
occurred during melting and crystallization, the NH and CO
stretching absorption regions of 5-PUR and even n-PUR
were examined using variable temperature FTIR spectro-
scopy. The infrared absorption displayed by NH and CO
groups in polyamides and polyurethanes are associated with
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a distribution of distances and geometries of hydrogen
bonds.”**~?® Coleman et al. reported that hydrogen-bonded
CO groups with a well-ordered geometry, such as it happens
to occur in the crystalline state, show the stretching absorp-
tion band around 1685 cm ™. On the other side, the free CO
as it is found in the liquid nonassociated state will absorb at
1732 cm™'. Hydrogen-bonded CO groups with intermediate
structures, i.e. nonordered structures, give absorption bands
around 1705 cm ™. For illustration the NH and CO stretch-
ing regions of the IR spectra of 6-PUR registered at heating
within the temperature range of 30—210 °C are shown in
Figure 11. Upon heating, the initial 1685 cm™' CO absorp-
tion band remained essentially unchanged until the tempera-
ture arrived to 150 °C where it split, generating a second
broad peak centered around 1720 ecm™' which did not
become unique up to above 190 °C. A similar behavior was
observed in the NH stretching region with the 3320 cm ™!
band observed for crystallized n-PUR disappearing
above 150 °C at expenses of the growing of a new peak at
3370 cm ™. The process was proven to be fully reversible and
observed for other studied n-PUR, both even and odd,
taking place with similar characteristics and at transition
temperatures increasing correlatively with the corresponding
melting temperatures (data available in the ESM file). The
relative areas of bands at 1685 and 1720 cm ™' were esti-
mated by deconvolution and their percentage plotted against
temperature in Figure 12 to show the advance in hydrogen
bonding disruption upon heating. It should be noticed
that these bands are complex since both include a portion
of disordered associated CO, in the first one besides the
well-ordered CO present in the crystal phase, and in the
second one besides the fully free CO. The conclusion drawn
from this analysis is that well-ordered hydrogen bonds
do not start to decompose up to the proximities of melt-
ing and that the amount remaining just after melting is
about 20—30% to disappear completely at temperatures of
about 30 °C above. The NH stretching region in the spectra
of some n-PUR displayed the presence of a second shoulder
at the proximities of 3450 cm™ ' which should correspond to
fully free NH. Deconvolution of the 1685 and 1720 cm ™'
bands in their components (1685, 1705, and 1732 cm ™) in
an attempt of approaching to a quantitative estimation of the
amount of free CO present at high temperature revealed that
its content is roughly 50% of the total, the other left being
associated in the disordered state (Table 5). The infrared
changes observed along this study have much in common
with those previously reported for semicrystalline poly-
amides.”®?’ Furthermore, pioneering studies carried out
with m,n-PUR have shown that the amount of free CO
groups in 6,4-PUR (a polyurethane with a density of
urethane groups close to 5-PUR and a 7, = 182 °C) at
200 °C is around 40%.%® Recent studies on new m,n-PUR
containing long alkylene segments reported that the melt
consisted of highly interacting chains with more than 75% of
CO groups still hydrogen-bonded. It can be concluded there-
fore that the response of n-PUR to heating regarding hydro-
gen bonding is similar to that displayed by m,n-PUR. Since
the polyurethanes retain a predominant amount of hydrogen
bonds after melting, the melting enthalpy must be used
mainly to break up the crystalline alkane segments contained
in the polymer.

Conclusions

Aliphatic linear n-PUR containing polymethylene segments of
length between 5 and 12 units have been isothermally crystallized
in dilute solutions to render lamellar crystals with a thickness
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between 5 and 9 nm. Electron and X-ray diffraction data
recorded from these lamellae and from powdered samples were
used to analyze their crystal structure. It was found that these
polyurethanes crystallized in a layered triclinic lattice with chains
in fully extended conformation forming hydrogen-bonded sheets
that stack progressively along the c-axis (chain axis) of the
structure. Energy calculations gave support to the odd n-PUR
model with hydrogen bonds set between antiparallel chains and
sheets stacking along the h-axis with alternating polar orienta-
tion. The conclusion is that the crystal structure of n-PUR is very
similar to that of n-nylons in both the odd and the even series with
small differences due to the different symmetry displayed by the
polymer chain in each case. The variable temperature analysis
revealed that, as in nylons, a good amount of n-PUR remained
associated by hydrogen bonding after melting. On the contrary,
they did not show the Brill transition evidencing the higher
resistance to sliding that polyurethane chains have respect to
analogous polyamide chains.
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