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Abstract

A series of fluorinated polyurethanes, characterized by a segmented structure containing hard segments based on 4,4’-methylenebis-
(phenylisocyanate) (MDI) and 1,4-butandiol (BDO), were analyzed by small- and wide-angle X-ray scattering and transmission electron
microscopy (TEM) in order to study the influence of the synthesis and of the soft and hard segments length on the structure.

Theoretical models of lamellar morphology were used to fit calculated small-angle scattering patterns to the experimental ones.

TEM and small-angle X-ray scattering analysis shows that these polymers are characterized by a heterogeneous structure, not only at the
molecular level, but also at a macroscopic scale. © 2001 Published by Elsevier Science Ltd.

Keywords: Fluorinated polyurethanes; X-ray scattering; Morphology

1. Introduction

Fluorinated polyurethanes (FPU) are a class of new mate-
rials which have outstanding properties in terms of mechan-
ical and surface characteristics, and chemical resistance.
They can be prepared from diisocyanates, like 4,4'-
methylenebis(phenylisocyanate) (MDI), chain-extenders,
and macrodiols of general structure:

HO-R,-R;-R, OH

where Rh = —CH2—, —CH2(OCH2CH2)n (n = 1,2), and
R; = —CF,O(CF,CF,0),(CF,0),CF,—.

The central fluorinated block has the copolymeric struc-
ture of the perfluoropolyether class, which is obtained by
photosynthesis from tetrafluoroethylene and oxygen at low
temperature [1-3]. The perfluoropolyetheric segment is
characterized by a very low glass transition temperature 7,
(about —120°C for a polymer of infinite molecular weight
and with a p/q ratio of 1). It as been shown that T, is a
function of the O/C ratio, decreasing with increasing the
oxygen content [4]. The soft fluorinated and the hard
segments are not compatible, so that phase segregation
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occurs, as we have observed in a previous paper about the
FPU morphology [5].

In a previous paper, the authors [6] studied the influence
of the synthesis and of the soft and hard segment length on
the structure, as determined by calorimetry and dynamic
mechanical analysis; the following structures were consid-
ered:

—(Z-MBM),— (structure S1)

—[Z-M(BM),],— (structure S2)

—Z-M(BM),,1,,— (structure SS)

where Z is the —O-R;,—R—R;,—O— soft segment, M is a
diisocyanate and B is the chain-extender. While in the
first two cases, the length of the hard segment is well
defined, within the synthesis limits, in the last case the
hard segment length is statistically distributed.

The aim of the present work is to study the structure and
the morphology of the same polymers by small (SAXS) and
wide-angle X-ray scattering (WAXS) and transmission
electron microscopy (TEM).

Koberstein and Stein [7] suggested a lamellar model of
the polyurethanes hard phase, which takes into account the
folding of the hard segments; in the present work, the SAXS
patterns of the studied samples are compared with
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Table 1
Weight, volume fraction and density of the samples

Sample Wh D, Density (g/cm3)
S1-2000 0.203 0.243 1.634
S1-3100 0.137 0.174 1.711
S1-3800 0.119 0.153 1.732
$2-2000 0.276 0.326 1.583
$2-3100 0.200 0.248 1.685
SS-1000 0.286 0.337 1.594
SS-2000 0.205 0.251 1.657
SS-3100 0.156 0.197 1.700
SS-3800 0.130 0.166 1.721

calculated patterns obtained from theoretical models of
lamellar thicknesses distributions.

Furthermore, the thickness of the transition layer E
between the hard and the soft regions and the electron
density difference between the two phases have been eval-
uated, together with the electron density difference between
the two phases.

2. Experimental
2.1. Synthesis of materials

The macrodiols used to synthesize the FPUs investi-
gated in the present study are represented by the following
structure:

HO(CH,CH,0),CH,CF,0(CF,CF,0),
X (CF,0),CF,CH,(OCH,CH,),0H

According to the above structure, these fluorinated
building-blocks (produced by Ausimont S.p.A., Italy
under the trade name ZDOLTX®) are a mixture of oligo-
meric products, consisting of a random distribution of
—CF,CF,0- (C; unit) and —CF,0- (C; unit), end capped by
ethoxylated units -CH,O(CH,CH,0),H (where n = 1 or 2).

The molecular weight range of the macromers used in this
work was between 1400 and 3800 (1400 in the sample
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Fig. 1. Small-angle X-ray scattering function /(s) and one-dimensional
scattering function 7, (s) of S2-3100 sample.
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Fig. 2. Correlation function y(r) of S2-3100 sample.

SS-1000, 2200 in the samples S1-, S2- and SS-2000, 3100 in
the samples S1-, S2- and SS-3100, 3800 in the samples S1-
and SS-3800).

Other compositional and physical characteristics of the
macromers and the details of the FPUs synthesis are
reported in Ref. [6], while the weight and volume fractions
of the hard phase in the three sets of the studied samples are
reported in Table 1 together with the density of the samples
determined at 23°C following ASTM D 792.

2.2. Wide-angle X-ray scattering

WAXS patterns were recorded by a powder diffract-
ometer Seifert MZ III, equipped with a graphite mono-
chromator on the diffracted beam, in the angular range
29 = 10-60°, steps of 0.1° (2¢) and 10s of recording
time for each step. CuK, X-radiation was employed.

2.3. Small-angle X-ray scattering

SAXS patterns were recorded by a Kratky camera, using
the CuK,, X-radiation. The intensity data were collected by a
position-sensitive detector MBraun OED-50M in the angu-
lar range 0.1-5° (260) and were successively corrected for
the blank scattering.

The data were analyzed by the Vonk’s [8] computer
program and they were transformed into absolute intensity
by the secondary standard method [9]. A constant continu-
ous background scattering was then subtracted [10] and the
obtained intensity values I(s) were smoothed in the tail
region, with the aid of the sI(s) vs. /s plot [11], being
s = (2/A)sin 6.

The one-dimensional 7y;(x) [12] and three-dimensional
y(r) [13] correlation functions were evaluated from the
smeared intensity I(s). Finally, the Vonk’s desmearing
procedure [14] was applied and the one-dimensional scat-
tering function was obtained by the Lorentz correction
Li(s) = 4ms’l (s), where I,(s) is the one-dimensional scatter-
ing function and I(s) is the desmeared intensity function.

Fig. 1 shows, as an example, the scattering functions /(s)
and I,(s) of the S2-3100 sample.

The use of the Lorentz correction is justified by the
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Fig. 3. One-dimensional correlation function 7y (x) of S2-3100 sample.

analysis of the correlation functions, which are reported, for
the same sample in Figs. 2 and 3. The structure of the
material is not completely random, because, in such a
case, the three-dimensional correlation function would
have an exponential shape [15]. Furthermore, the one-
dimensional correlation function displays periodicity, indi-
cating that the two-phase structure can be described as alter-
nating layers of soft and hard segments [15]. A lamellar
morphology was then supposed and the one-dimensional
scattering functions /;(s) were compared with those calcu-
lated from theoretical models of lamellar thickness distribu-
tion, by the methods described below.

The thickness of the transition layer E between the hard
and the soft regions was evaluated according to the proce-
dure described by Vonk [11].

The electron density difference between the two phases
(pn — ps) and the inner surface S/V were calculated from the
equations [12]

® E S
om jo sT(s)ds = [d)h@s -+ ](ph —p) (1)
S msTo () p
c e =Y @)
27"2@h@s

m Joo sI(s)ds
0

where &, and @, are the volume fractions of the hard and
soft phases.
Finally, the inhomogeneity length [, was evaluated by
[16]
4P, b,
= e ®

Vv

and the average length of the segments lying within the hard
and soft phases were obtained from [, =[,/®, and [ =
Lo/ Dy,

1

2.3.1. Theoretical evaluation of the SAXS patterns
The intensity profile of the SAXS patterns, according to
some theoretical distribution models [17,18], was evaluated

as [19]
1) =1I'(s) + I"(s) 4
where

Py = @ oo L= RPA IR + 1= FPA =R

4m2s’D |1 — Fth|2
)
v (o= p) o (F.(—F)(1 - (FFR)"
I =SmepN Re{ (1 — F.Fy)? ©

In these equations, F}, and F| represent the Fourier trans-
forms of the Gaussian distribution functions of the hard and
soft phases regions thicknesses (H and S), p, and p, are the
electron densities of the hard and soft regions, respectively,
N is the number of the lamellae in the stack and D the
average long period.

The optimized parameters were the average hard region
thickness H, the Gaussian distribution standard deviation
of the thickness oy, @, = H/D and N, while the average
thickness of the soft regions S = [(1 — &,)/P,]H and its
Gaussian distribution standard deviation o, = (0,/H)S.

2.4. Transmission electron microscopy

TEM was performed on samples stained by exposure of
the bulk specimen and of the ultrathin sections to vapors of
0.5% aqueous solution of ruthenium tetroxide, RuQ,, for
30 min. More details about the staining procedure of such
samples are reported in a previous work [5]. Ultrathin
sections of about 800 A were ultramicrotomed at —130°C
with a Reichert Ultramicrotome model OM-U2, equipped
with a diamond knife at —80°C. They were observed by
means of a Siemens Elmiskop 1101 transmission electron
microscope under an acceleration voltage of 100 kV.

3. Results and discussion
3.1. Wide-angle X-ray scattering

Fig. 4 reports the WAXS pattern of the S2-3100 sample,
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Fig. 4. Wide-angle X-ray scattering pattern of S2-3100 sample.
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Table 2

SAXS parameters: electron density difference between the hard and soft
phases (p, — ps), transition layer thickness E and average length of the
segments lying in the hard (/) and soft (/;) phases

Sample (o = po) E(A) I (A) I (A)
(mol electr./cm3)
S1-2000 0.34 9 34 106
S1-3100 0.20 7 25 122
S1-3800 0.21 7 26 149
S2-2000 0.23 4 55 113
S2-3100 0.18 8 30 92
SS-1000 0.24 7 20 40
SS-2000 0.23 6 32 95
SS-3100 0.16 6 33 137
SS-3800 0.22 8 15 75

but all the samples show a similar behavior: there is no
evidence of sharp peaks in the patterns and this can be
related to the absence or to smallness of crystalline regions
in the hard phase.

3.2. Small-angle X-ray scattering

The SAXS functions I(s) and I, (s) of the S2-3100 sample
(Fig. 1) show two partially overlapped peaks and such a
phenomenon, which occurs in all the examined samples,
even if it is more evident in the S2 set, is related to the
presence of regions with bimodal distribution of the long
period thicknesses.

In spite of this experimental evidence, the evaluation of
parameters such as the electron density difference (p, — ps),
the average lengths [, and [ of the segments lying within the
hard and soft phases and the transition layer thickness E, can
be useful even if they only give information about the aver-
age thickness of the phases. The obtained data are reported
in Table 2.

With the exceptions of sample S2-2000, which differs for
the lowest value of E and the highest value of [, and of
sample SS-3800, which shows the lowest value of [, the
average length of the hard phase /; and the transition layer
thickness do not remarkably change. The electron density
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Fig. 5. Best fit between experimental and calculated small-angle one-
dimensional scattering functions of S1-3100 sample.
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Fig. 6. Best fit between experimental and calculated small-angle one-
dimensional scattering functions of S2-3100 sample.

difference (p, — p;), with the exception of the samples S1-
and SS-3800, decreases with increasing of the ZDOLTX
molecular weight because of, probably, an increase of the
two phases mixing. This could be due to an increase of melt
viscosity of the system, which slows down the phase separa-
tion predicted by thermodynamic requirements.

All these data are to be considered as an average of all the
lamellar stackings in the samples while the above-described
fitting procedure allows an independent evaluation of the
two overlapped peaks in the SAXS patterns.

Figs. 5-7 show the best fits obtained, for ZDOLTX
3100 based materials, by comparing the experimental one-
dimensional scattering functions with patterns calculated
from Gaussian distribution models. Table 3 reports the opti-
mized parameters of lamellar thickness, relative dispersion
of thickness and hard phase volume fraction for all poly-
mers. The subscript numbers point out that two different
populations of lamellae have been introduced in the calcu-
lation: the number 1 is related to the stacking having larger
long-period. The hard phase volume fraction @, values are
common to the different populations in each sample.

Some considerations on the samples morphology can be
made from the data of Table 3.

The SS samples show a hard phase thickness comparable
with those of the other sets, in spite of the fact that the statistical
synthesis should introduce a growth of the hard segment.

A first interpretation of this phenomenon could be
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Fig. 7. Best fit between experimental and calculated small-angle one-
dimensional scattering functions of SS-3100 sample.
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Table 3

SAXS parameters from the fitting procedure: average thickness of the hard (H) and soft (S) phase regions and long period D; relative dispersion of the hard

phase region thickness oy/H and hard phase fraction @y,

Sample H (&) 51 (A) Dy (A) (oy/H), H, (A) S (&) D; (A) (oq/H), @,

S1-2000 13 40 53 0.42 - - - - 0.23
S1-3100 13 61 74 0.31 10 48 58 0.20 0.17
S1-3800 16 90 106 0.50 10 53 63 0.20 0.15
S2-2000 23 53 76 0.17 20 47 67 0.30 0.30
S2-3100 17 63 80 0.35 13 51 64 0.08 0.21
SS-1000 14 67 81 0.28 11 50 61 0.36 0.18
SS-2000 - - - - 13 55 68 0.46 0.19
SS-3100 17 72 89 0.53 12 49 61 0.33 0.20
SS-3800 16 80 96 0.56 9 46 55 0.33 0.16

founded in a larger distribution of hard phase thickness
around to average values comparable to those of the other
sets (see the larger values of oy,/H in SS set), as well as in
possible presence of chain folding [7].

As concerns the soft phase, the thickness of population 1

- -
L . o ‘. 5
PHAL l;.}.."!“\h‘

Fig. 8. TEM of S1-2000 FPU, stained with RuOy; (a) and (b) are different
regions of the same sample.

(87) increases in all the sets with increasing of the ZDOLTX
molecular weight.

A common characteristic of the samples is the presence of
a second population which shows a smaller long period and
whose soft phase thickness have only slight fluctuations
around the value of 50 A.

Such behavior inclines to suppose the presence of soft
phases with different molecular weights, which organize
in separate domains.

The hard phase volume fraction, evaluated by the fitting
procedure, decreases with increasing of the ZDOLTX
molecular weight in the S1 and S2 sets, while it slightly
fluctuates in SS. Furthermore, the relative dispersion of
the lamellar thicknesses is generally larger in the last set
than in the other series and this agrees with the statistical
synthesis of the SS set.

4. Morphology

As shown elsewhere [5], RuO, is an effective staining
agent to discriminate the fluorinated phase from the hydro-
genated one of such polymers. In fact, RuO, is a strong
oxidizing agent of a variety of chemical groups present in
polymers [20,21], like aromatic rings and ethers. Perfluori-
nated chains do not react with it, even after several hours of
exposure to its vapor.

Therefore, in the following TEM micrographs, hard phase
domains are dark while the soft fluorinated phase remains
white.

Fig. 8a,b is a TEM micrograph of S1-2000 copolymer. It
shows a wide size distribution of dark phase microdomains,
with aggregate size ranging from 0.03 to 1.5 wm (Fig. 8a),
dispersed in a white soft segment matrix. The apparent
bigger domains are grey and not deep dark, like the smaller
ones, and contain darker subdomains of about 0.03 pm size.
We deem that they are not made of pure hard blocks; they
could be simply indicative of matrix zones with a lower soft
segment concentration. Moreover, there are zones where
only small dark microdomains, always of about 0.03 wm
size, are present with a sharp size distribution (Fig. 8b).

The same morphology is observed for S1-3100 and S1-3800
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Fig. 9. TEM micrographs of ultrathin sections of S2-3100 FPU stained with
Ru04.

copolymers. In the last case, however, the extent of segre-
gation is lower than in the first two copolymers.

Copolymers of S2 series exhibit the same morphology of
aforementioned copolymers, with dark small and big
domains (0.04—0.7 pwm) of hard phase in the white fluori-
nated matrix (Fig. 9). However, some main characteristics
mark them: the big domains are always spherical-shaped
and contain white subdomains of fluorinated material; more-
over, around them the matrix is hard phase poorer than other
zones. All this suggests a higher incompatibility between
fluorinated and hydrogenated blocks as well as stronger
interactions among hard segments, owing its their longer
sequences, than occurs in S1 series.

Fig. 10. TEM micrographs of ultrathin sections of SS-1000 FPU stained
with RuO,.

Fig. 11. TEM micrographs of ultrathin sections of SS-2000 FPU stained
with RuOy,.

SS copolymers, which were synthesized with the same
Z/M/B (1/2/1) ratio as for S1 series but following standard
method, should give rise to a wider distribution of hard
segment sequence lengths. As a matter of fact, morphologies
of the three SS copolymers are different among them and
from those of S1 series.

The morphology of SS-1000 copolymer exhibits (Fig. 10)
white macrodomains of hard segments (up to about 5 pm),
more or less spherical-shaped, with a black contour,
dispersed in a grey matrix also containing white (0.1-
0.5 wm) and very small dark subdomains (0.03-0.5 pwm).
This morphology seems to be due to a co-continuous distri-
bution both of the components, as suggested by Chen et al.
[22].

The SS-2000 copolymer has the same composition of S1-
2000, with wy, = 0.205; however, its morphology is charac-
terized by a wide size distribution of hard domains of about
0.05-3 pwm in diameter and a heterogeneous dispersion of
macrodomains of hard segments, which is not found in the
case of S1-2000 copolymer. The micrograph of Fig. 11
shows only dark microdomains (less than 0.05 pm in
diameter) of hard phase in a partially grey matrix. This
one could be formed by a dispersion of short hard blocks
and/or very small hard domains in a fluorinated soft segment
phase, as suggested by SAXS data.

A comparison between SS-2000 and S1-2000 morpholo-
gies puts into evidence that in the first case a lower number
of hard phase microdomains is visible, probably due to the
segregation in the aforementioned macrodomains, as a
consequence of hard blocks with different chain lengths
present in the standard polymer.

Fig. 12 refers to the morphology of SS-3100 copolymer.
It shows a very different morphology from those of previous
copolymers, without macrodomains of hard segments. It
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Fig. 12. TEM micrographs of ultrathin sections of SS-3100 FPU stained
with RuO,.

exhibits a wide size distribution of hard segment domains,
from 0.05 to 0.5 . in diameter, dispersed in the fluorinated
soft matrix, which is slightly grey for the same reasons
before discussed.

5. Concluding remarks

The SAXS data confirm that always two phases of soft
and hard segments are found because of the low compat-
ibility between the two kind of segments, as concluded in
Ref. [6] from thermal and dynamic-mechanical analysis.

The comparison of SAXS and TEM data shows that these
polymers are characterized by a heterogeneous structure,
not only at the molecular level, but also at a macroscopic
scale. The presence of two families of structures found by
SAXS analysis, one dependent and the other one nearly
independent on the molecular weight of the soft segment,
could be tentatively explained either by the non quantitative
structural yield obtained through the so-called ‘regular
synthesis’, or by a reality in some a way different from
the structural model used.

The second kind of heterogeneity, i.e. that observed by
TEM analysis, could be possibly due to the polymerization

condition. TEM analysis shows indeed that the dispersed
hard phase is constituted by domains or clusters in which
a fraction of soft segments is dispersed; their size and frac-
tion are dependent on the polymerization procedure. The
macrostructure is more regular, as expected, for polymers
prepared by S1 and S2 synthesis.

Comparison of SAXS and WAXS data suggests that crys-
talline domains are very small; the large amplitude of the
WAXS main peak points out that the lateral order is lost at
very short distance.
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