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Abstract Hydrogen bonding among hard–hard segments
and hard–soft segments in 4,4′-diphenylmethane diisocya-
nate (MDI)-based polyurethane was investigated theoreti-
cally by density functional theory (DFT). Both B3LYP/
6-31G* and B3PW91/6-31G* methods gave good struc-
tures, reasonable Mulliken charges, binding energies, dipole
moments, and good infrared (IR) spectra trends in predict-
ing hydrogen bonding. Bond distances R(N–H⋯O), which
were in the range of 3.005–3.028 Å for the carbonyl
bonded hydrogen-bond, and 3.074–3.075 Å for the ester
bonded hydrogen-bond, are in reasonable agreement with
experimental values. Most of the carbonyl oxygen in
polyurethane exists in a hydrogen-bonded form. Complex
(c), with two carbonyl hydrogen bonds, features the largest
dipole moment, while complex (d) with two ester hydrogen
bonds, possesses the smallest dipole moment, i.e., lower
than that of the isolated monomer, which may be due to the
symmetry of the two monomers. These results confirm that
the DFT method is a good tool with which to study weak
interactions, and indicate that hydrogen bonds are indeed
formed between carbonyl and N-H, or ester and N-H, with
the former being stronger.

Keywords Hydrogen bonding . Density functional
theory . 4,4′-diphenylmethane diisocyanate . Interaction

Introduction

Shape-memory polymers can recover their original shape
by being heated above their transition temperature, which is
defined by the different phases in the materials. In
particular, the shape-memory properties of segmented
polyurethane block copolymers (PU) have been extensively
researched because of its superior material properties,
which arise from the phase-separated structure of its hard
and soft segments. The hard segments, which are based on
diisocyanate and diamine, form physical crosslinks arising
from polar interactions, hydrogen bonding, and crystalliza-
tion in the hard domain; while the soft segments are
typically polyether blocks, and form the reversible phase
because of molecular motion in a rubbery state. The
compound 4,4′-diphenylmethane diisocyanate (MDI) is
one of the most widely used hard-segment-determining
raw materials in polyurethane synthesis [1–5]. A simple
MDI-based polyurethane interaction model was built
including the hard segment (diphenylmethane diisocyanate
part) and soft segment (ether oxygen part; Fig. 1).

A hydrogen bond (H-bond) forms due to the attractive
force between the hydrogen attached to an electronegative
atom of one molecule and an electronegative atom of a
different molecule, which is really a special case of dipole
forces. Hydrogen bonding significantly affects the physical
properties of the hard segments in polyurethane; binding of
the hard segments makes the PU very solid below its
melting temperature. Hydrogen bonding in polyurethanes
has been extensively studied using infrared (IR) spectros-
copy [6–12], and is evidenced by a frequency shift to
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values lower than those observed when these groups are
free (i.e., not hydrogen bonded). The magnitude of the
frequency shift is a measure of hydrogen bond strength. In
polyether-based polyurethanes, the fraction of hydrogen-
bonded carbonyls, as characterized by a hard–hard segment
hydrogen bond (N–H⋯O = C; Fig. 1a), was used as a
measure of the extent of phase separation. The N–H group
could also form a hard–soft segment hydrogen bond with
the ether oxygen (N–H⋯O; Fig. 1b), which represents the
extent of phase mixing between hard and soft segments.
Lee [2] pointed out there are three kinds of interactions
among polyurethane chains that are responsible for the shift
in the transmittance peak with the inclusion of more hard
segment: (1) hydrogen bonding between the carbamoyl and
carbony groups of the hard segment; (2) dipole–dipole
interactions between carbonyl groups of hard segments; (3)
induced dipole–dipole interaction between aromatic rings
of hard segments (Fig. 1a,c,d).

However, to the best of our knowledge, theoretical
studies on the bonding mechanism of the hard–hard and
hard–soft segments in polyurethane are still very rare, while
those on hydrogen-bonded complexes have been an active
area of research for the past several years [13]. Here, we
investigate interactions in the MDI-based polyurethane
shown in Fig. 1 by density functional theory (DFT) using
B3LYP and B3PW91 methods and the 6–31G* basis set.
The results provide valuable insight into phase separation
and phase mixing in polyurethanes.

Computational methods

The Hartree-Fock (HF) method neglects electron correlation,
which results in an overestimation of bond lengths [14], while
DFT-based methods, such as the Becke-three Lee-Yang-Parr
(B3LYP) [15] method, have been shown to provide reliable
trends of binding energies even though the small energy
differences often observed in relative binding energies can be
overshadowed by the DFT quadrature errors [14]. Different
functionals were used in the DFT calculations. The Becke
exchange functional [16], containing the gradient correction
and denoted by B, was combined with correlation func-
tionals by Lee, Yang, and Parr (LYP) [17] and by Perdew
and Wang (PW91) [18], which results in BLYP and BPW91
exchange-correlation functionals. The hybrid method sug-
gested by Becke [15], which includes a mixture of the HF
component and the DFT exchange-correlation functional, is
denoted by B3LYP and B3PW91.

In this work, the equilibrium geometries, interaction
energies, binding entropies, Mulliken charges, dipole
moments and IR spectra were calculated by both B3LYP
and B3PW91 methods using the 6–31G* basis sets. The
obtained binding energies of the complexes were corrected
both for basis set superposition error (BSSE) by the Boys-
Bernardi full counterpoise method [19], and for zero-point
vibrational energy (ZPE) at 298.15 K. Harmonic frequency
analyses have been carried out and all the optimized
geometries have no imaginary frequency, which suggests
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Fig. 1 Possible interactions in 4,4′-diphenylmethane diisocyanate (MDI)-based polyurethane
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that the optimized structure exists in the minimum state. It
is well known that vibrational frequencies obtained by
quantum chemical calculations are typically larger than
their experimental counterparts. Therefore, to compare the
calculated vibrational frequencies with experimental values,
the former were scaled by 0.9603 for B3LYP/6–31G* and
0.9567 for the B3PW91/6–31G*, respectively. All calcu-
lations were performed with the Gaussian 03 program [20].

Results and discussion

We calculated three types of H-bonds, represented by
complexes (b), (c) and (d) in Fig. 2, at both B3LYP/6–
31G* and B3PW91/6–31G* levels. The corresponding
geometry parameters are listed in Table 1. Table 2 shows

the Mulliken charges at key points of the hydrogen
bonding. Harmonic frequency analyses indicate that the
obtained structures are true minima. The hydrogen-binding
energies (including BSSE and ZPE corrections) and
binding entropies are listed in Table 3. Figure 3 and Table 4
show the IR spectra and dipole moments, respectively. The
following sections discuss these interactions in detail.

Geometry structures

Hydrogen bonds can form between proton donors (N–H)
and two kinds of proton acceptors (carbonyl oxygen and
ester oxygen) in MDI-based polyurethane. Figure 2 shows
the optimized stable structures for hydrogen bonding of
various conformers using B3LYP and B3PW91 methods.
Structure (a) is a free molecule lacking any hydrogen

Fig. 2 Optimized structures for possible H-bonds. Structures (a), (b), (c), (d) and (d’) are shown
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bonding, while complex (b) forms one H-bond between the
carbonyl oxygen and the amidogen hydrogen. Complexes
(c) and (d) both have two H-bonds, with the difference
being the binding site with the amidogen hydrogen (the
former is the carbonyl oxygen, the latter is the ester
oxygen). Complex (d)′ is a profile of complex (d) after
rotation in three-dimensional space.

Table 1 lists the DFT-calculated distances and angles of
the intermolecular hydrogen bonds in MDI-based polyure-
thane. Analysis of hydrogen-bonded geometries in the
calculated structures reveals that the B3LYP approximation
results generally in slight longer covalent bonds (single and
double bonds) and shorter hydrogen bonds [except for N37–
H26···O78 in complex (b)] in comparison to the
corresponding values of the B3PW91-optimized geometries.

The distances of R(N–H), R(C=O) and R(C–O–) involved
in hydrogen bonding are elongated to some degree in the
forming of H-bonds with correspondingly stretched ratios of
0.6%, 0.4% and 0.7%, respectively. The H-bond distances for
complexes (b) and (c) [R(N37–H26···O78), R(N74–
H76···O41) and R(N48–H50···O40)] are comparable with
the largest deviations found 0.029 Å by B3LYP and 0.016 Å
by B3PW91, respectively. For complex (d), the H-bond
distances are much longer than the others, with the smallest
differences being 0.035 Å and 0.045 Å by B3LYP and
B3PW91, respectively. These values indicate that the H-bond
distance to the ester oxygen is longer than that to the carbonyl
oxygen. The H-bond distances obtained are in excellent
agreement with experimental values [9, 21, 22]. The angles
related to the H-bond A(N–H···O) are all close to 180°, in

Structure Parameter B3LYP B3PW91 R(N-H···O)

(a) R(C15=O41) 1.216 1.214

R(C16=O40) 1.216 1.214

R(N37-H26) 1.011 1.010

R(C14-O38) 1.434 1.427

R(C16-O38) 1.363 1.358

θ(C3-C1-C2-C4) −59.05 −57.68
θ(C7-N37-C16-O38) 180.0 −179.9
θ(C12-N36-C15-O39) 179.8 −179.8

(b) R(N37-H26) 1.017 1.016 2.89 [9, 21] and 3.15–3.16 [22]

R(C75=O78) 1.224 1.219

R(N37-H26···O78) 3.028 3.020

θ (N37-H26···O78) 167.5 175.8

θ(C3-C1-C2-C4) −55.85 −58.42
(c) R(C15=O41) 1.221 1.219 2.89 [9, 21] 3.15–3.16 [22]

R(N74-H76) 1.017 1.017

R(N74-H76···O41) 3.012 3.025

θ(N74-H76···O41) 174.3 174.3

R(C16=O40) 1.223 1.220

R(N48-H50) 1.018 1.018

R(N48-H50···O40) 3.005 3.022

θ(N48-H50···O40) 166.8 167.6

θ(C3-C1-C2-C4) −63.0 −62.13
(d) R(C14-O38) 1.438 1.431 2.99 [9] 3.15–3.16 [21]

R(C16-O38) 1.378 1.372

R(N74-H76) 1.017 1.017

R(N74-H76···O38) 3.074 3.075

θ(N74-H76···O38) 173.1 171.7

R(C79-O77) 1.438 1.431

R(C75-O77) 1.378 1.372

R(N37-H26) 1.017 1.017

R(N37-H26···O77) 3.074 3.075

θ(N37-H26···O77) 173.1 171.7

θ(C3-C1-C2-C4) −58.54 −52.67

Table 1 Selected intermolecu-
lar and intramolecular structure
data (bond lengths in Angstroms,
bond angles in degrees) for
the optimized structuresa at
both B3LYP/6–31G* and
B3PW91/6–31G* levels

a Atom numbering is in accor-
dance with Fig. 2
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accordance with the measurable criteria for H-bonds [23].
The dihedral angle of the two planes D(C3–C1–C2–C4) in
complex (c) is the largest among the four structures (a), (b),
(c) and (d), which may be due to steric hindrance when two
molecules close to each other form two H-bonds. The largest
deviation of H-bond distances by the two methods for the
same bond is 0.017 Å in H-bond (N48–H50···O40), while
the largest difference in angles is 8.3° in the angle A(N37–
H26···O78). Thus, we can see that the two methods give
similar and reasonable results.

Mulliken charges

Table 2 shows the Mulliken charges on the key atoms of the
interactions calculated by two methods; ΔQ is the change
in the charges on the atoms due to hydrogen bonding. From
the charge distribution of the four structures, we can see
that nitrogen and oxygen atoms carry negative partial
charge, while the hydrogen atoms bonded to them carry
positive partial charge. The initial charges on O77, O78,
N48, N74, H50 and H76 before hydrogen bonding are the
same as those of O39, O41, N37, N36, H26 and H27 in
structure (a), respectively, and are listed as part of this
structure (see Table 2 for a comparison with the
corresponding hydrogen bonded atoms).

The Mulliken charges cacluated by B3LYP are slightly
higher than those by B3PW91 for most atoms (Table 2). All
atoms involved in hydrogen bonding exhibit some change
in charge, and the variation tendency of nitrogen atoms and

oxygen atoms are more in the negative direction, while the
hydrogen atoms bonded to them are more in the positive
direction (see ΔQ column), due to a shift in electron
density from hydrogen toward that of nitrogen and oxygen.

There is no direct relationship between the net charge
(ΔQO+ΔQN+ΔQH) for each hydrogen bond and the
corresponding structure. For complexes (b) and (c), the
net charges are 0.003 (N37–H26···O78), 0.006 (N74–
H76···O41) and 0.007 (N48–H50···O40) by B3LYP; all
are close to zero, indicating that the charge is transferred
mainly among the N, H and O atoms involved in hydrogen
bonding. For complex (d), the net charges are −0.036
(N74–H76···O38) and −0.045 (N37–H26···O77) by B3LYP.
Both net charges have a considerable negative value, which
means the adjacent atoms of the hydrogen-bonding atoms are
also involved in charge transfer. By the B3PW91 method, the
net charges are 0.027 (N37–H26···O78) for complex (b),
0.016 (N74–H76···O41) and 0.002 (N48–H50···O40) for
complex (c), −0.009 (N74–H76···O38) and −0.010 (N37–
H26···O77) for complex (d). The net charges for the three
complexes differ to some degree by two methods, but the
charge transfer is validated nonetheless. Hence, intermolecu-
lar charge transfer dominates the charge rearrangement in all
complexes as H-bonds are formed.

Thermal parameters of hydrogen bonding

In order to show the relationship between stability and
hydrogen bonds, the relative binding energies ΔE,

Table 2 Predicted Mulliken charges on key points of the interactions

Atom B3LYP B3WP91

Structure ΔQe Structure ΔQe

(a) (b) (c) (d) (a) (b) (c) (d)

O38 −0.462 – – −0.548 −0.086 −0.499 – – −0.519 −0.020
O39 −0.465 – – – – −0.498 – – – –

O40 −0.505 – −0.511 – −0.006 −0.509 – −0.527 – −0.018
O41 −0.504 – −0.523 – −0.019 −0.510 – −0.526 – −0.016
O77 −0.465 – – −0.548 −0.083 −0.498 – – −0.519 −0.021
O78 −0.504 −0.522 – – −0.018 −0.510 −0.517 – – −0.007
N36 −0.743 – – – – −0.788 – – – –

N37 −0.727 −0.779 – −0.777 −0.052/−0.050 −0.788 −0.838 – −0.824 −0.050/−0.036
N48 −0.727 – −0.780 – −0.053 −0.788 – −0.818 – −0.030
N74 −0.743 – −0.763 −0.777 −0.020/−0.034 −0.788 – −0.825 −0.824 −0.037/−0.036
H26 0.331 0.398 – 0.419 0.067/0.088 0.365 0.449 – 0.412 0.084/0.047

H27 0.335 – – – – 0.366 – – – –

H50 0.331 – 0.397 – 0.066 0.365 – 0.419 – 0.054

H76 0.335 – 0.380 0.419 0.045/0.084 0.365 – 0.434 0.412 0.069/0.047

e In cases where the same atom is involved in hydrogen bonding in two complexes, one complex is indicated in italics and the other in normal
typeface
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ΔEBSSE+ZPE (including the BSSE and ZPE corrections) and
the binding enthalpies ΔH, for the three complexes [(b), (c)
and (d)] were calculated by the two methods (see Table 3).

The differences in binding energies and enthalpies for the
same complex according to the two methods are considerable,
reaching 12.76 kJ mol−1 for complex (c) in binding enthalpy.
Comparing the binding energies (ΔEBSSE+ZPE) of the three
complexes, the data calculated by the B3LYP method were
found to be higher than that calculated by the B3PW91
method, with the biggest difference being 7.38 kJ mol−1 for
complex (c). For the same method, the binding energies
(ΔEBSSE+ZPE) of complexes (b) and (d) are close to each
other, and are almost half of that of complex (c) by the
corresponding method. From Fig. 2, we can see that complex
(b) has only one carbonyl bonded H-bond, and complex (c)
contains two carbonyl-bonded H-bonds, while complex (d)
includes two ester oxygen H-bonds. This indicates that the
hard–soft segments are more weakly hydrogen-bonded than
the hard–hard segments [22], which may be the reason for
the phase separation and phase mixing in the polyurethanes.

Comparing the binding enthalpies for the three complexes
by both methods to that reported in the literature [9], the
binding enthalpy of complex (c) by the B3PW91 method is
closest, with 5.8% difference. This indicates that the
hydrogen binding pattern of complex (c), which contains
two carbonyl bonded H-bonds, dominates in polyurethane,
which means that most of the carbonyl oxygens in
polyurethane exists in the hydrogen-bonded form, and that
the B3PW91 method yields better data when modeling H-
bond enthalpy.

In the case of complex (c), the BSSE corrections are 49.4%
(B3LYP), and 52.4% (B3PW91) of the uncorrected ΔE,
where the proportions of ZPE to the uncorrected ΔE are
0.6% (B3LYP) and 0.7% (B3PW91), respectively. This
indicates that BSSE correction is necessary for calculating
H-binding energies using these two methods, while the effect
of ZPE correction is slight, and need not be taken into account.

Dipole moments

Many molecules have dipole moments due to non-uniform
distributions of positive and negative charges on the various
atoms. A molecule is polarized when it carries an induced

dipole, which occurs when one molecule with a permanent
dipole repels another molecule’s electrons, "inducing" a dipole
moment in that molecule. One of the more important properties
of hydrogen-bonded complexes is the electric dipole moment.
The dipole moments for the four structures (see Fig. 2), i.e., the
isolated molecular complex (a) and three hydrogen bonded
complexes [(b), (c) and (d)] calculated by the two methods
are listed in Table 4.

Comparing the values, the two methods produce similar
dipole moments for the corresponding structures, within 0.4
D. For complex (b), the dipole moment is slightly higher than
that of the isolated monomer but lower than simple vector
addition of those of two isolated monomers, which may be
due to partial dipole compensation from the additional
hydrogen bond. Complex (c) features the largest dipole
moment, which increases by almost twice relative to the
isolated molecular complex, with an induced dipole moment
of nearly 2.30 D by both methods due to the stronger
interaction with the electron. Complex (d) has the smallest
dipole moment, lower than that of the isolated monomer,
which may be caused by the symmetry of the two monomers
[see (d)′ in Fig. 2]; most of the dipoles tend to cancel out each
other almost completely.

The dipole moment of an interacting pair of molecules
differs from the vector sum of the permanent dipoles of the
monomers because each molecule is polarized by the
nonuniform electric field of its partner, which depends
slightly on the geometry of the complex.

IR spectra

IR spectra were obtained through frequency calculation of
different structures (see Fig. 3). Spectra a, b, c and d were
calculated by the B3LYP method, while a′, b′, c′ and d′
were calculated by the B3PW91 method. Four spectral
regions are of main interest in this study: two kinds of N–H
stretching vibration from 3,150 to 3,600 cm−1, the carbonyl
(C=O) stretching vibration from 1,600 to 1,800 cm−1, as
well as the ester (C–O–C) stretching vibration from 1,000
to 1,300 cm−1.

Analysis of the N–H stretching absorption data is
complicated due to the presence of two types of hydrogen
bonds: N–H⋯O=C (carbonyl bonded in hard segment) and

Structure Method ΔE BSSE ZPE ΔEBSSE+ZPE
a ΔH Reference

(b) B3LYP −25.60 14.39 −0.11 −11.32 −22.84 31.38 [9] for ΔH
B3PW91 −18.67 8.63 −0.10 −10.14 −15.09

(c) B3LYP −48.21 23.82 −0.24 −24.63 −46.88
B3PW91 −35.70 18.69 −0.24 −17.25 −34.12

(d) B3LYP −24.66 12.58 −0.16 −12.24 −22.02
B3PW91 −17.65 10.43 −0.14 −7.36 −14.86

Table 3 Binding energies ΔE
(kJ mol−1), ΔEBSSE+ZPE

a

(kJ mol−1) and binding enthalpy
ΔH (kJ mol−1) for the H-bonds
of various complexes

a Corrected by basis set super-
position error (BSSE) and zero-
point vibrational energy (ZPE)
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Fig. 3 Infrared (IR) spectra for the hydrogen bonding structures (a), (b), (c) and (d)
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N–H⋯O (ester bonded in soft segment). Furthermore, there
is disagreement over the frequency and absorptivity
coefficient of the N–H stretching vibration for the N–H
group hydrogen bonded to the ester oxygen [6, 8, 10, 11].

Looking at spectra a, b, c and d in Fig. 3, we find that the
N–H stretching vibration exhibits two strong absorption
peaks centered at around 3,380 cm−1 (a, b, c; 3,330 cm−1 in
[9], 3,315 cm−1 in [22], 3,289 cm−1 in [25]) and 3,390 cm−1

(d; 3,295 cm−1 in [11], 3,268 cm−1 in [22], 3,270 cm−1 in
[25]) arising from the hydrogen bonding of N–H to
carbonyl groups and ester oxygen, respectively. The free
N–H stretching vibration appears as a weak shoulder at
about 3,465 cm−1 (3,420 cm−1 in [9], 3,445 cm−1 in [22],
3,480 cm−1 in [25]), and the frequency shift is nearly
85 cm−1 for the carbonyl H-bonding N–H and 75 cm−1 for
the ester H-bonding N–H, respectively. This indicates that
the strength of the carbonyl bonded H-bond is higher than
that of the ester bonded H-bond.

The hydrogen-bonded carbonyls are formed by inter-
urethane hydrogen bonding resulting from self-association,
while most free carbonyls are formed when hard-segment and
soft-segment mixing occurs, thereby giving rise to hydrogen
bonding between urethane and ester groups [6–8, 12, 24].

The spectra a, b and c in Fig. 3 for the IR comparison of
structure (a), complex (b) and (c) appear to be composed of
two bands at the polyurethane carbonyl stretching region.
The narrower band centered at around 1,755 cm−1

(1,735 cm−1 in [9], 1,729 cm−1 in [22], 1,729–1739 cm−1

in [25]) is assigned to the stretching of free carbonyl
groups, while the band at 1,718 cm−1 (1,703 cm−1 in [9],
1,710 cm−1 in [22], 1,706–1,713 cm−1 in [25]) is attributed
to the hydrogen-bonded carbonyl groups, and the frequency
shift is nearly 40 cm−1.

From the IR spectrum in Fig. 3 comparing structure (a)
and complex (d), we can see that there is an obscure shift at
around 1,060 cm−1; the 1,065 cm−l (1,080 cm−1 in [9],
1,110 cm−1 in [25]) component can be assigned to the ester
oxygen free of hydrogen bonding, and the lower frequency
component at 1,055 cm−l is associated with the hydrogen-
bonded ester oxygen, and the frequency shift is only
17 cm−1, which is less than that of the carbonyl group.
This also indicates hard–hard segment H-bonding is
stronger than that of hard–soft segments.

A similar frequency shift trend was also observed by the
B3PW91 method (see a′, b′, c′, d′ in Fig. 3). In each
spectrum, the strong absorption peak centered around
3,380 cm−1 can be assigned to the hydrogen-bonded N–H
groups by carbonyl, and another strong absorption peak
centered around 3,388 cm−1 is assigned to the hydrogen-
bonded N–H groups by the ester oxygen, while the weak
shoulder on the high-frequency side of these peaks
corresponds to free N–H groups. The narrower band
centered at around 1,770 cm−1 is assigned to the stretching
of free urethane carbonyl groups, while the band at
1,749 cm−1 is attributed to hydrogen-bonded urethane
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Fig. 3 (continued)

Table 4 Dipole moment (in Debye) of the various structures
calculated by two methods

Structure

Method (a) (b) (c) (d)

B3LYP 3.5711 4.5696 9.4018 2.4453

B3PW91 3.5590 4.9437 9.4851 2.3968
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carbonyl groups. An obscure shift at around 1,060 cm−1 can
be found, the 1,072 cm−l component is assignable to the
ester oxygen free of hydrogen bonding, and the lower
frequency component at 1,060 cm−l is associated with the
hydrogen-bonded ester oxygen.

Most of the spectra for complexes (b) and (c) (see c or c′
in Fig. 3) coincide very well in terms of frequency (with the
exception of some differences in the vibration of N–H
bonded by H-bond with the B3PW91 method), but differ in
intensity at frequencies ν=3,380 cm−1, 1,718 cm−1 and
1,517 cm−1 by B3LYP (ν=3,380 cm−1, 1,749 cm−1 and
1,521 cm−1 by B3PW91), which refer to the vibration of ν
(N–H) hydrogen-bonded, C=O hydrogen-bonded urethane
carbonyl, and δ (N–H) + ν (C–N) [9, 25] aroused by the
different number of H-bonds.

The IR spectrum data calculated by the two methods are
very close to each other within 30 cm−1, while the B3LYP
method predicts better vibrational frequencies compared to
the experimental spectra. The appearance of new bands at
the lower frequency side of free N–H, C=O and C–O–C
absorption is evidence for the formation of hydrogen bonds.
The frequency shift for carbonyl H-bonding is bigger than
that of ester H-bonding, which means the former is
stronger. Thus, the H-bonding trend can be easily forecast
from IR using theoretical methods.

Conclusions

The hydrogen-bonding properties of hard–hard and hard–
soft segments in MDI-based polyurethane were investigated
by DFT methods. The structures, Mulliken charges, dipole
moments, binding energies, binding enthalpies, and IR
spectra were obtained using both B3LYP and B3PW91
methods. The bond distances calculated by both methods
were in the range of 3.005–3.028 Å for the carbonyl
bonded H-bond and 3.074–3.075 Å for the ester bonded H-
bond, and were in reasonable agreement with experimental
values. Charge transfer on the N, H and O atoms involved
in hydrogen bonding occurs upon the formation of H-
bonds. Most of the carbonyl oxygen in polyurethane exists
in the hydrogen-bonded form, and the B3PW91 method
gives better results when modeling H-bonding enthalpy.
Intermolecular charge transfer dominates the charge rear-
rangement in all complexes as H-bonds are formed. The
dipole moment of an interacting pair of molecules differs from
the vector sum of the permanent dipoles of the monomers, and
depends slightly on the geometry of the complex. The
appearance of new bands at frequencies lower than those of
free N–H, C=O and C–O–C absorption is evidence for the
formation of H-bonds, which can be easily forecast by
theoretical methods. In addition, the hard–soft segments are
more weakly hydrogen-bonded than the hard–hard segments.

The theoretical methods used here are helpful tools in
predicting and confirming the properties of these materials,
and will be useful in the future design of new materials.
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