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Abstract

On the analyses of modulated differential scanning calorimetry, Fourier transform infrared spectra and quantum chemical calculations of
fluorinated and corresponding unfluorinated polyurethanes, we investigated the effects of fluorination on the intermolecular hydrogen bonds
and resulted morphological changes in polyurethanes. The B3LYP/6-31G(d’,p’) calculated values supported the experimental results suggesting
that the fluorinated hard segment facilitates hydrogen bond interactions towards soft segment polyether, while reducing the strengths within

self-associated hard segments.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluorinated polyurethanes (FPUs) with low surface energy
have attracted considerable interest in the field of cardiovascu-
lar prostheses. Prostheses treated with a fluorinated film depo-
sition offered a dramatic improvement in resistance to the
formation of thrombi and emboli [1—9]. Also, incorporation
of fluorine into polyurethanes (PUs) changed the morphology
of PUs that plays an important role in the biocompatibility of
PUs [3,10—17]. To further clarify the effects of surface energy
and morphological changes, it is important to elucidate the
fluorination effects on the structure and conformational prop-
erties of FPU. Typically, PUs exhibit a microphase-separated
structure by an association or aggregation of urethane units.
The urethane units formed a separate phase (hard segment do-
main) and acted as a physical cross-link between soft segment
domains. The association of urethane segments is accompa-
nied with the formation of diverse hydrogen bonds in which
the proton donor and acceptor are the N—H group of the
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urethane linkage and the oxygen atoms of both polyether
and urethane carbonyl, respectively [10,11]. The structure of
such a physical network lends itself to quite effective control
by the strength of the hydrogen bonds [18].

Differential scanning calorimetry (DSC) providing the
glass transition temperature (T,), melting temperature (7y,)
and heat of fusion (AH,,) has been widely used to study the
hydrogen bonds and microphase-separated structures for PUs
experimentally [3,18—28]. The measured T, of soft segment
gave an estimate in the extent of phase mixing about the
hard segment dissolving in the soft segment domains. An in-
crease in the percentage of hard segments dissolving in the
soft segment domains gave a rise in T,. For T, and AHy,,
the two properties gave an insight into the strength of hydro-
gen bond in microcrystalline hard segment domains. As the
hydrogen bonding gets stronger, T, and AH ,, show systematic
increases [27]. Also infrared (IR) analysis revealing the ab-
sorption bands of carbonyl group (C=0) vibrations provided
a further understanding in the type, extent and strength of
competitive hydrogen bonding in PUs.

Due to a big advance in computer architecture and algo-
rithms of computational chemistry recently, molecular model-
ing has provided a powerful and reliable tool to explore the
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Fig. 1. Schematic structure of studied polyurethanes: (a) polymer; (b) soft seg-
ment; (c) hard segment. Group CE (chain extender) in hard segment represents
—CH,(CF,),CH,— and —(CH,)4— for FB- and BD-polymer, respectively.

hydrogen bond strengths and vibration spectra of molecules or
molecular complexes [25,29—35]. For example, Yang et al.
[32,33] carried out molecular mechanics (MM) calculations
with COMPASS force field to investigate different types of
hydrogen bond interaction and energies in PUs. They recom-
mended that the self-associated urethane groups were the pre-
dominant hydrogen bond complexes for the interaction within
the hard segments, whereas the probability of urethane N—H
forming the hydrogen bond with the urethane alkoxy oxygen
appeared low. Also, Yilgor et al. [31] calculated the hydrogen
bond energies and lengths of the urea, urethane and ether
model compound complexes by B3LYP [36] and MP2 [37]
methods. They expected that appreciable amount of phase
mixing between hard and soft segments in PUs existed. How-
ever, to our knowledge, there are few applications of quantum
chemical calculations in studying the fluorine-containing PUs.
To better understand the hydrogen bond interactions in
FPUs, a fluorinated polyurethane, FB-polymer with chain
extender —CH,(CF,),CH,— having high content of hard seg-
ment (64.1 wt%) was synthesized in this work. Also, unfluori-
nated polyurethane (designated as BD-polymer) chain
extended with extender —(CH,),— was prepared in same stoi-
chiometry for a comparison (Fig. 1). Modulated DSC (MDSC)
[38—42], Fourier transform infrared (FTIR) analysis and com-
plementary quantum chemical calculations were performed to
characterize the effects of fluorinated hard segment on the
intermolecular hydrogen bonds and morphologies in PUs.

2. Methods
2.1. Materials

Hydroxyl-terminated poly(tetramethyl oxide) with molecu-
lar weights of 650 g/mol (PTMO; Aldrich) was dehydrated
under vacuum at 60 °C for 48 h before use. Hexamethylene
diisocyanate (HDI; Aldrich), stannous octoate (T-9; Sigma), and
2,2,3,3-tetrafluoro-1,4-butanediol (FB; Lancaster) were used as
obtained. 1,4-Butanediol (BD; Tedia) and dimethylacetamide
(DMACc; Tedia) were distilled under vacuum from calcium
hydride and then dried over 4 A molecular sieves before use.

2.2. Preparation and characterization of fluorinated
polyurethanes

The fluorinated and unfluorinated polyurethanes, desig-
nated as FB- and BD-polymer, respectively, were synthesized

using HDI, PTMO and chain extender in a 4:1:3 stoichiometry.
The predetermined amount of HDI was dissolved in DMAc in
a four-necked flask under nitrogen and a fixed amount of
PTMO/DMAc solution containing 0.5 wt% stannous octoate
as the catalyst was added dropwise at 60 °C. After addition
of the PTMO solution, the temperature was raised to 70 °C
and kept for 1 h. In a second step, the stoichiometric amount
of chain extender was added drop by drop and the reaction
was carried out at 90 °C. Reaction completion was monitored
by the absence of IR-absorption of the free NCO group at
2270 cm ™. Polyurethanes obtained were precipitated in de-
ionized water, washed thoroughly with methanol, and dried
in a vacuum oven at 60 °C for 1 week [43].

FTIR absorption spectrum of FB-polymer has a 1180 cm™
band resulting from CF; stretch [44], which is not observed in
the IR spectrum of BD-polymer. This indicated the presence of
fluorocarbon segments in FB-polymer. Elemental analysis
revealed the element compositions (wt%) of synthesized poly-
mers being in agreement with those predicted from stoichio-
metric values:

FB-polymer: C: 52.20, H: 7.59, N: 6.14 (stoichiometric C:
52.51, H: 7.65, N: 6.19).

BD-polymer: C: 59.44, H: 9.43, N: 7.99 (stoichiometric C:
59.63, H: 9.44, N: 7.03).

From the gel permeation chromatography data, the yielded
FB-polymer had number- and weight-averaged molecular
weight of 3.2 x 10* and 5.0 x 10* g/mol, respectively, and
BD-polymer had 7.3 x 10* and 11.2 x 10* g/mol, respectively.

As film specimens, we investigated both of the PU samples
in the main IR spectral region by using the Bio-Rad FTS-40A
Fourier transform infrared spectrophotometer operated with
a dry air purge. Sixty-four scans at 2 cm™ ' resolution were
signal averaged. The films were cast from 1 wt% solution of
PUs in dimethylacetamide (DMAc; Tedia) on KBr plates.
We removed the solvent by putting the sample in an oven at
60 °C and finally under vacuum.

MDSC experiments (TA Instruments 2920 DSC, equipped
with a liquid nitrogen cooling accessory) utilized heating
ramps of 5°C/min, and modulated amplitude of 0.796 °C
with a period of 60s [41,42]. A second scan from —120 to
200 °C was recorded.

1

2.3. Quantum chemical calculations

We used the Gaussian 03 program [45] to carry out B3LYP/
6-31G(d’,p’) calculations on the urethane model compounds
and complexes. Computation of the interaction energy be-
tween various hydrogen (proton) donor—acceptor pairs went
through a supermolecular approach where the ground state en-
ergy of the hydrogen-bonded complex was calculated and
compared to the sum of the ground state energies of the
individual components.

Table 1 gives the chemical structures of the model
compounds used in this study. We used 1,4-di-(3'-propylcarba-
mate)butane (U), 2,2,3,3-tetrafluoro-1,4-di-(3'-propylcarbama-
te)butane (T) and diethylether (E) to model the unfluorinated
urethane, fluorinated urethane and soft segment polyether,
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Table 1
The chemical structures of the model compounds considered in quantum chemical calculations
Segment Chemical structure Code
Polyether Diethylether (CH;CH,—O—CH,CH3) E
Urethane 1,4-Di-(3'-propylcarbamate)butane (CH;CH,CH,—NHCOO—(CH,);O0CNH—CH,CH,CH3) U
Fluorinated urethane 2,2,3,3-Tetrafluoro-1,4-di-(3'-propylcarbamate)butane (CH3;CH,CH,—NHCOO—CH,(CF,),CH,O0CNH—CH,CH,CH3) T
respectively. The urethane model compound consists of a (a) H.C (b) H
. . . 3 5C(H,C),

repeat unit of hard segment, i.e., one HDI and one chain \ \
extender (FB or BD). There are two urethane groups in the H3C(H,C), CH,  H,C(H,C), N-H
model compounds. We adopted urethane—ether, urethane di- \N_H____ o/ e o—C/
mer and urethane trimer shown in Fig. 2 to model the hard— / \ / \
soft segment interaction, the hard segment associates in 0=C CH, 0=C B o
loosely ordered hard segment domain, and the hard segment (A) \o " C/ (A) \ H C/
associates in ordered (microcrystalline) hard segment domain, / * /o 2 \
respectively [24]. H,C H,C R

According to the wide-angle X-ray diffraction results [46— \ \ /
50], the chain conformation of hard segment is highly ex- /R /R R\
tended in the microcrystalline region. The hard segment rods R R CH,
pack in parallel and arrange in an orderly manner with the or- \ \ /
dered urethane hydrogen bonds being of the planar form. The /CH2 /CH2 O\
proton donor and acceptor of the hydrogen bonds are the N—H o\ o] Cc=0

group and carbonyl oxygen of the urethane linkage. Thus, in
this work self-associated urethane groups were considered
the predominant hydrogen bonds for the interaction within
the hard segment.

Starting from the Austin Model 1 (AM1) [51] optimized
geometries of model compounds and their complexes,
B3LYP/6-31G(d’,p") calculations were carried out to do fur-
ther geometry optimizations and frequency calculations. The
dagger basis set, (d’,p’), utilized the exponents from the
d and p functions in the 6-311G basis set attempts to remedy
some deficiencies in the standard of 6-31G(d,p) basis set,
which is necessary for modeling fluorine-containing com-
pounds. Atomic charge distributions were performed by
Mulliken population analysis at B3LYP/6-31G(d’,p’) level.

3. Results and discussion
3.1. Experimental

Table 2 gives the experimental MDSC and FTIR data for
BD- and FB-polymer. Every polymer gave two thermal transi-
tions indicating T, of soft segment domains and Ty, of
microcrystalline hard segment domains, respectively. The
FB-polymer has a higher T, (230 K) but lower T, and AH,;,
(413 K and 113 J/g, respectively) compared with the BD-poly-
mer (T, =224 K, T, =430 K and AH,, =167 J/g). The pure
soft segment PTMO gave a value of 188 K for T, [43]. Both
of the polymers exhibited a rise in T,, AT, is 36 K and 42 K
for BD- and FB-polymer, respectively. This resulted from
a substantial percentage of hard segments dissolving in the
soft segment domains for both polymers. Also, the FB-poly-
mer had a high value of T, than BD-polymer. The higher value
of AT, in FB-polymer compared to BD-polymer was attrib-
uted to both the fluorinated hard segments favoring their

c=0 \c=o ——————— H—N/(A)
/ (A) / (B) \
H-N H-N CH,
\ \
CH, CH,  HyCH,C
/
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Fig. 2. Three complexes in model system: (a) urethane—ether, (b) urethane di-
mer and (c) urethane trimer. Group R denotes —CF,— and —CH,— for fluori-
nated (T) and unfluorinated (U) urethane, respectively. The hydrogen bonding
in these complexes is indicated by a dotted line.
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Table 2

Experimental MDSC and FTIR analyses

Material T, (K) AT,"(K) T, (K) AH," (J/g) ve—o (cm™")
BD-polymer 224 36 430 167 1722, 1708, 1685
FB-polymer 230 42 413 113 1742, 1722, 1704

Table 3
Hydrogen bond energies (Eyg) and vibration frequencies of C=0 stretchings
(ve—o) by the B3LYP/6-31G(d’,p’) calculations

E‘]_[BEl (kJ/mol)

—1
ve=o (cm™ )

(A) (B) ©)

Molecule or complex

* ATy =Ty — Ty prmo, Where Ty prvo is the glass transition temperature of
pure PTMO.
® Calculated based on 1 g of hard segments.

solubility in soft segment domain and the steric hindrance of
bulkier fluorine atom than H atom that increases the energy
required to rotate the soft segment. For the values of T, and
AH,,, the FB-polymer exhibited lower values of T,, and
AH,, compared to BD-polymer. This indicated that the fluori-
nation of hard segment hinders the microcrystalline ordered
arrangement and reduces the intermolecular hydrogen bonds
in hard segment domains.

IR spectra gave multiple C=O absorption bands compris-
ing three major components at 1722, 1708, 1685 cm™" for
BD-polymer and 1742, 1722, 1704 cm™' for FB-polymer
(Table 2). The first band (1722 and 1742 cm ™' for BD- and
FB-polymer, respectively) resulted from the carbonyls without
hydrogen bonding, and the other components are generally
associated with urethane groups included in the hydrogen
bonds with various energies [3,24—26,52]. All C=0 absorp-
tion components in FB-polymer were noted to blue shift
relative to BD-polymer [3,52]. It was related to both the induc-
tive and mesomeric effects contributed from the fluorine-
containing group attached to the carbonyl group. Mesomeric
effect leads to the existence of polar contributing form
X*T=C(R)—O~ with C—O in single bond, suppressing X—
C(R)=0 form with C=0 in double bond. Thus, this effect
decreases the double bond character of C=0. Inductive effect
reduces the length of the carbonyl bond and thus increases its
double bond character. Introduction of electron withdrawing
groups of fluorine enhances the inductive effect and decreases
simultaneously the mesomeric effect, thus increasing C=0
force constant and consequently the frequency of absorption.

3.2. Quantum chemical calculations

Calculated hydrogen bond energies and frequencies of
C=0 stretch by using B3LYP/6-31G(d’,p’) calculations are
listed in Table 3, where the optimal geometries of hydrogen-
bonded U-U—U and T—T-T trimers are shown in Fig. 3.
The U associates, U—U and U—U—U for dimer and trimer, re-
spectively, had a larger hydrogen bond energies of 60.4 and
61.6 kJ/mol for dimer and trimer, respectively, than the T asso-
ciates, T—T and T—T—T for dimer (54.6 kJ/mol) and trimer
(58.2 kJ/mol), respectively. This is in agreement with experi-
mental data that BD-polymer has a higher T,, and AH, than
FB-polymer. The reduction in the strength of hydrogen bond
in fluorinated urethane (T) associates is attributed to both
the steric and inductive effects induced by fluorination. As
shown in Fig. 3, the introduction of fluorine leads to a signifi-
cant change of the dihedral angle of —C(F,)—C—0—C(O)—
from 180° in urethane U to 110° in T. Thus, the presence of

U - 1814 - —
U-E 22.9 1808 - —
Uu-u 60.4 1808 1783 —
U-uU-u 61.6 1807 1785 1768
T - 1830 - -
T—E 334 1822 - —
T-T 54.6 1827 1802 —
T-T-T 58.2 1826 1802 1785

a

Calculated hydrogen bond energy between two monomers.

fluorine gives rise to steric hindrance that causes the bend of
chain and makes close packing of polymer chains more diffi-
cult. Also, an analysis of charge distributions by Mulliken
population gave the partial atomic charges of carbonyl oxy-
gen, —0.420, and carbonyl carbon, 0.574, for fluorinated ure-
thane (T) and —0.437 and 0.581 for unfluorinated urethane
(U). Fluorination leading to a reduction in electron density
of carbonyl oxygen acts as another factor hindering the
hydrogen bond interactions of urethane associates.

Additionally, owing to the strong electronegativity of the
fluorine, the hydrogen bond energy between fluorine on C—F
of the chain extender and proton on the N—H of the urethane
groups was calculated. The hydrogen bond energy obtained
was 43.0 kJ/mol, which is 11.6 kJ/mol lower than the self-
urethane interaction. Thus, this significant interaction between
C—F and N—H groups may also exist in FPUs, contributed to
hinder the ordered arrangement of hard segments.

Hydrogen bond energies of competitive urethane—ether
(U—E and T—E) type hydrogen bonding were computed to
be 22.9 and 33.4 kJ/mol, respectively, which are smaller
than the values of 60.4 and 54.6 kJ/mol for urethane associates
U—U and T—T, respectively. This recommended a substantial
phase mixing due to hydrogen bonding that appeared in mix-
ture of hard segment urethane and soft segment ether (or in
polyether based polyurethanes) [31] and was also consistent
with MDSC results, in which both of the studied PUs had a sig-
nificant raise in soft segment T,. Also, a higher Eyg in T—E
type hydrogen bonding, 33.4 kJ/mol, compared with U—E
type, 22.9 kJ/mol, reflects that fluorinating hard segment of
PUs promotes increased phase mixing and elevation of T,.

Table 3 also lists the calculated C=O0 vibrational frequen-
cies (¥c—p). Carbonyl (A) represents the C=O without
hydrogen bonding (Fig. 2). As observed in this table, when
hydrogen bonding of urethane occurs to an ether group via
N—H group (U—E and T—E), the neighboring C=0 vibration
absorbs at nearly the same frequency (1808 and 1822 cm ™! for
complexes U—E and T—E) as that when a bridge to a carbonyl
group is formed (1808 and 1827 cm™" for complexes U—U
and T—T). These calculated frequencies slightly differ from
that of isolated carbonyls and agree with the experimental
results found in the literature [24].

Hydrogen-bonded carbonyl (B) (neighboring N—H remains
free) in dimers and trimers shifts its vibration to lower
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Fig. 3. Optimal geometries of hydrogen-bonded (a) U—U—U and (b) T—T—T trimers.

frequency (e.g., 1783 and 1802 cm ™' for complexes U—U and
T—T) with a change of 22—25 cm ™' compared with the car-
bonyl (A). The lowest frequency (i.e., 1768 cm ™' for complex
U—U—-U and 1785 cm™ ' for complex T—T—T) shifted from
carbonyl (A) by ca. 40 cm ™' is associated with the carbonyl
group (C) of urethane included in the most ordered hydrogen
bond moieties (both of the N—H and C=0 groups are hydro-
gen bonded with adjacent urethane), i.e., those situated inside
associate of urethane groups. Fig. 4 shows the relationships
between experimental and calculated frequencies of C=0
stretching for complexes U—U—U and T—T-T, a linear rela-
tionship was obtained with a slope of 0.9545 and a R-square
larger than 0.98. As shown in Fig. 5, the scaled FTIR spectra
obtained for U-=U—U and T—T—T from quantum chemical
calculations were consistent with the experimental spectra of
BD- and FB-polymer.
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Fig. 4. Relationships between calculated and experimental frequencies (in
em™") of C=0 stretching for U=U—U and T—T—T trimers.
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Fig. 5. Calculated (—) and experimentally obtained (---) C=O0 stretching
region of FTIR spectra for (a) model U—U—U trimer and BD-polymer;
(b) model T—T—T trimer and FB-polymer.

4. Summary

Using the model compounds of diethylether (E), 1,4-di-(3'-
propylcarbamate)butane (U) and 2,2,3,3-tetrafluoro- 1,4-di-(3'-
propylcarbamate)butane (T) to model soft segment polyether,
unfluorinated urethanes and fluorinated urethanes, the B3LYP/
6-31G(d’,p) calculations provided quantitative information on
hydrogen bonds supporting experimental MDSC and FTIR re-
sults. With ether—urethane type hydrogen bond, fluorinated
urethane has more hydrogen bond energy by ca. 10 kJ/mol
than unfluorinated urethane. This yields extensive phase mix-
ing between hard and soft segments and reduces the urethane
associates type hydrogen bonding. Also, steric hindrance and
inductive effects of fluorine also exert important influences
on hindering the hydrogen bonding of urethane associates.
These results illustrate the observation in MDSC that fluorina-
tion of PU leads to an elevation (ca. 6 K) of glass transition
temperature and a reduction (ca. 17 K) of melting temperature.
Finally, scaled by a factor of 0.9545, the calculated vibrational
frequencies of carbonyls from B3LYP/6-31G(d’,p’) method are
in agreement with experimental FTIR spectra.
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