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Abstract

Solution behaviour of PUs of different composition in DMF, LiBr/DMF, and THF was studied by a static
light scattering (LS), size exclusion chromatography coupled to a multi-angle light scattering (SEC-MALS),
and viscometry. The influence of PU chemical composition, kind of a solvent, and addition of simple salts on
PU hydrodynamic volume was investigated. The values of the second virial coefficient (4,) determined by LS
measurements indicated that THF is a better solvent for the flexible soft segments, whereas LiBr/DMF is better
for the hard segments in the PU chains. Since the 4, values of PUs indicated that LiBr/DMF is a worse solvent
than THE the hydrodynamic volumes of all investigated PUs were smaller, as indicated by smaller values for
the radius of gyration (R,) and intrinsic viscosities [#] of PUs in LiBr/DME. The PU molar mass averages and R,
determined in THF (LiBr/DMF) were comparable regardless of the method used (LS or SEC-MALS) and did not
depend on solution concentration, indicating that PUs were disolved on a molecular level. In DMF, peculiar dilute
solution behaviour was observed for all PUs investigated. The PU molar mass averages, R,, and [1] were higher
than those determined in LiBr/DMF indicating that the PUs in DMF associated to a certain degree dependent
on the chemical composition of PU.

Key words: polyurethanes, dilute solution properties, molar mass averages, molar mass distribution, size exclusion
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Introduction

Linear segmented polyurethanes (PUs) are
multiblock copolymers produced by the addition
reaction of an oligomeric diol (polyether or polyester),
a diisocyanate and a low molar mass diol as the chain
extender.! The portion of the polymer chain originating
from the oligomeric diol is usually called the soft
segment, whereas the hard segments are composed
of the reaction products of the diisocyanate and chain
extender. Hard and soft segments differ in polarity and
capability for hydrogen bond formation. In a solid state,
these two kinds of segments tend to phase separate,
which gives rice to the interesting and useful properties
of these materials. Therefore, the investigations
concerning structure—properties relationship of these
materials have been the object of an enormous number
of papers. On the other hand, a relatively limited
amount of data concerning the solution properties of
PU has been found in the literature. Particularly rare
are literature data regarding the determination of
absolute PU molar mass averages and their influence
on PU properties.”™

PU molar mass averages are usually determined
by conventional size exclusion chromatography (SEC).
Thus, the obtained molar masses are relative values
related to the polymer standards used for the column
calibration. Since SEC separates macromolecules
according to their hydrodynamic volume in a given
solvent, which is, in addition to molar mass, strongly
influenced by various macromolecular interactions
(intra- or intermolecular),'®™" it is difficult to evaluate
and compare the relative molar masses of PU samples
with different chemical composition. The usefulness of
SEC technique can be enhanced by the use of a universal
calibration concept, which accounts for the differences
in the intrinsic viscosities of polymer standards and PU
samples of the same molar mass.”* ' A deficiency of
the universal calibration approach for PU is that the
method does not account for composition distribution,
which may be present in copolymers synthesized
from three or more monomers. Namely, composition
distribution, as well as molar mass, influences the
intrinsic viscosity of copolymers. SEC coupled to a
light scattering detector together with a concentration
detector provides absolute polymer molar masses,
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without any need for calibration.”" The variation in
average copolymer composition with molar mass can
be taken into account using a third detector (UV or
IR spectrometer) monitoring only the presence of one
segment type.

Most work concerning the absolute PU molar mass
averages has been focused on the viscosity and light
scattering characterization of individual PU fractions in
order to correlate the intrinsic viscosities toward molar
masses using the Mark-Houwink-Sakurada equation
(MHS). The MHS parameters K and o have been
determined for many PU/solvent systems.”® The SEC-
multidetector method was used for the comparison and
evaluation of SEC using polystyrene (PS) calibration
and SEC using the universal calibration method.”'’ The
dilute solution behaviour of PUs of different chemical
composition was also investigated by SEC coupled to
a multi-angle light scattering photometer (MALS),'"™"
which enables the determination of absolute PU molar
mass averages as well as a z-average root-mean-square
radius of gyration, <R,*>," (written as R).

The aim of the present work was to investigate
PU dilute solution behavior depending on PU chemical
composition, type of solvent (tetrahydrofuran, THEF, as a
low polarity solvent and N,N-dimethylformamide, DME,
as a high polarity solvent), solution concentration, and
addition of simple salts. For this purpose we synthesized
segmented non-carboxylated and carboxylated PUs, as
well as the model compounds representing hard and
soft segments in PU chains. With static light scattering
measurements we were able to determine the PU
weight average molar mass (M,), radius of gyration
(R,), and second virial coefficient (4,) in a given
solvent. From the comparison of A, values between
PU samples of different chemical composition we
inferred the solvent quality. SEC-MALS allowed us to
determine PU molar mass averages (MMA), molar mass
distribution (MMD), RMS radius averages, RMS radius
distribution, and, in addition, the conformation of PU
macromolecules in a given solvent. We investigated the
dependence of reduced viscosity on concentration by
viscosity measurements. The intrinsic viscosities ([#])
of PUs were estimated by the extrapolation of reduced
viscosity to zero concentration. Since hydrodynamic
volume (V) is proportional to the product of [4] and
molar mass, we estimated the influence of PU chemical
composition and the kind of solvent on its V/;, from the
PU [].

Experimental

Materials and Polymer Synthesis

Segmented PU were synthesized from an
aliphatic or aromatic diisocyanate (1,6-hexamethylene
diisocyanate; HDI, Fluka or methylene bis(p-phenylene
isocyanate; MDI, Aldrich), polyether diol (poly-

(tetramethyleneoxide); PTMO, M,=1000 g/mol, BASF),
and low molar mass diols (2,2-dimethyl-1,3-propanediol;
NPG, Fluka or/and 2,2-bis(hydroxymethyl) propionic
acid; DMPA, Jansen) in N,N-dimethylformamide
(DMF with water content below 0.005%, Aldrich). The
molar ratio of diisocyanate to polyether diol to chain
extender(s) was 3:1:2 (in case of both chain extenders
used, the molar ratio between NPG:DMPA was 1:1).
The chain extension reaction was catalyzed by dibutyltin
dilaurate (DBTDL, Acima). The model compound
representing the soft segments was synthesized from
diisocyanate and polyether diol (molar ratio 1:1),
whereas the model compounds representing the
hard segments were prepared from diisocyanate and
monomeric chain extenders, NPG or DMPA (molar
ratio 1:1). Non-carboxylated PUs are designated as
H-DO0 (prepared with HDI) and M-DO0 (prepared with
MDI), while carboxylated PU is designated as M-D50,
where “50” stands for the molar percentage of DMPA in
the chain extender mixture. Polymers were precipitated
by pouring their DMF solutions into distilled water and
dried under a vacuum at 50°C, until the 'H signals of
water and DMF in the NMR spectra disappeared. The
detailed preparation of the samples was described in
our previous paper."!

Characterization

Static light scattering measurements were obtained
for PU solutions using a multi-angle light scattering
instrument equipped with a He-Ne laser, A,=633 nm
(Wyatt Technology Corp.). Measurements were made
on highly diluted fractions eluting from a size exclusion
chromatograph consisting of a Hewlett Packard pump
series 1100, injector Rheodyne, and an Optilab-DSP
interferometric refractometer (DR) as a concentration
detector (Wyatt Technology Corp.). A PLgel 5 um
column Mixed C of 30 cm length with a precolumn
(Polymer Laboratories) was used. The mobile phase was
tetrahydrofuran (THE &,,=7.6, water content<0.05%,
Fluka) stabilized with 0.025% BHT; the flow rate
was 1.0 mL/min and N,N-dimethylformamide (DME,
€,;=36.7, water content<0.01%, Aldrich) or DMF with
added LiBr (0.1M); the flow rate was 0.8 mL/min. The
masses of the PU injected into the column were typically
(1.5-3.0)x107 g (solution concentration: 1.5-3.0%
w/v, injection volume 100 pL). Data acquisition and
evaluation were carried out using Astra 4.73.04 software
(Wyatt Technology Corp.).

The Dawn-DSP photometer was calibrated with
spectrometric grade toluene and the normalization of the
detectors was performed with standard monodisperse
polystyrene of low molecular weight, which does not
show angular dependence of the light scattering signal.
Standard monodisperse polystyrene was also used for
interdetector volume determination.
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The molar mass (M) and the root-mean-square
radius of gyration (R,) were evaluated at selected
intervals along the distribution eluting from the
column using well-known expressions of classical light
scattering:*"**

Ke 1
—— = +2A4
RO)” mP()” M
where:
16n2n%R2sin(0/2
Pr(O)=14 ———£ 1 bR o
3N
and:
2.2 2
K Amn (dn/dc) 3)

AN,

The symbols are: A is the wavelength of the
incident light, 632.8 nm, 7 is the refractive index of the
solvent and R(6) is the excess Raileigh factor (minus the
solvent) at scattering angle 6. The concentration, c, of
the polymer for each elution volume was determined
using Optilab-DSP interferometric refractometer. PU
differential refractive index increments (dn/dc) were
measured separately on an Optilab-DSP refractometer.
The molar mass averages were obtained from light
scattering measurements on fractions eluting from
the size exclusion chromatograph supposing that each
slice, 7, along the chromatogram contained molecules
of a single, or at least very narrow, molar mass, M,.
Therefore, once a separation had been achieved and
the collected data processed, the MMA were calculated
from the following relations:

Mn:ZMiNi/ZNi:ZCi/Z(Ci/Mi) 4)

MW:ZMiZNi/ZMiNi:z_(ciMi)/Zci Q)

1 l 1 1
M =ZM1'3N,' /ZMI'ZN;' :Z(CiMiz)/ZciMi (6)
1 1 1 1

The second term in equation 1 can be neglected,
since the concentrations of eluting polymer were very low.

The Optilab-DSP interferometric refractometer
was used for measuring the PU differential refractive
index increments (dn/dc) at the same wavelength as
operating the Dawn-DSP laser photometer (A,=633
nm). Data acquisition and evaluation utilized DNDC
5.00 software. Due to the fluctuation in chemical
composition and molar mass of PU, as well as the fact
that only an average dn/dc of the sample and not the
dn/dc of the individual fractions could be used, SEC-
MALS gave actually only the apparent weight average
molar mass (M, ) of segmented PU.

The Dawn-DSP laser photometer was also
used for static light scattering measurements on the

unfractionated PU at higher concentrations, but still in
the dilute region. The weight average molar mass, M,,,
the z- average root-mean-square radius of gyration (R,),
and the second-order virial coefficient, A,, are directly
determined from the Zimm plot. Such a plot has two
limiting curves, which within the experimental error
intersect the ordinate at the same point representing
the weight average molar mass, 1/1\7W. The scattering
curve at zero scattering angle, =0, gives quantitative
information on the interparticle interactions, with A,
at its initial part at low concentration. The angular
dependent scattering data at c=0 is a curve that gives
information on the size and shape of the individual
macromolecules, as shown by the parameter R,. The
temperature and the solvents used were the same as
those in the SEC-MALS measurements.

PU solution viscosities were measured using an
Ubbelohde capillary viscometer in a thermostatic water
bath held at 25 £ 0.05 °C. A Ubbelohde capillary of 0.46
mm was used for PU solutions in THE, while a capillary
of 0.53 mm in diameter was used for PU solutions in
DMF and LiBr/DME The flow times of PU solutions and
solvents were corrected for the kinetic energy effects. The
preparation of the samples and a detailed measurement
procedure are described in our previous paper.'?

The 'H and "C NMR spectra were recorded using
a Varian VXR 300 NMR spectrometer in a 10% solution
of PU samples in THF-d,, DMF-d, and LiBr/DMF-d,.
TMS was used as an internal reference.

Results and Discussion

In DME all investigated PUs show peculiar dilute
solution behavior. In SEC, carboxylated PU elutes
from the column at very small elution volumes, near
the high molar mass exclusion limit of the column,
whereas the SEC curves of non-carboxylated PUs and
the model PU, MDI-PTMO, show bimodal molar mass
distributions. The LS signal of PU fractions, which
eluted from the column first, is very intense and shows
pronounced angular dependence.” Non-linear angular
dependence of the scattered light is also characteristic
for the PUs measured by static light scattering (Zimm
plot® in Figure 1). Such behavior is typical of solutions
containing very high molar mass species, which in the
case of PUs in DMF originated from the association of
macromolecular chains.” The determined PU molar
mass averages and R, are higher than the corresponding
values determined in THF or LiBr/DMF (Tables 1, 2).
The values determined by SEC-MALS are also higher
than those determined by LS. The dependence of
the degree of association on solution concentration,
temperature, and PU composition is described in our
previous paper."”
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Figure 1. Zimm plot of non-carboxylated PU M-D0 in

DMF. M-D0: R,=37+1 nm, M,=(8.77+0.04)-10* g mol",
A,=(1.35£0.02)-107 mol mL g~

The peculiar dilute solution behavior of PUs in
DMF is also demonstrated by viscosity measurements
(Figure 2). The concentration dependencies of
PU reduced viscosities are not linear. The upward
discrepancies from the straight lines were observed
in very dilute regions, below approx. 0.1 g/dL. Other
authors have observed similar dilute solution behavior
of non-ionic PUs in polar amide solvents.*** The
association of PUs was prevented by the addition of
LiBr to DMF.
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Figure 2. Reduced viscosity, 7,4, of non-carboxylated PU
M-DO0 and carboxylated PU M-D50, as a function of solution
concentration in THE, DMEF, and LiBr/DMF; ¢: M-D0 in THF;
O: M-D0 in DMF; @: M-D0 in LiBr/DMF; B: M-D50 in THF;

A: M-D50 in DMF; A: M-D50 in LiBr/DME

The M, and R, values determined by static light
scattering measurements on unfractionated PUs in
LiBr/DMF (Figure 3, Table 1) or THF (Figure 4, Table
1) are in good agreement with the corresponding
average values obtained by summation of the slices
in the SEC-MALS measurements (Table 2). In both
solvents, the molar mass averages are not dependent on
solution concentration, indicating that PUs are disolved
on a molecular level. The differences in M, between
PU of different chemical composition are attributed to
the side reactions occurring during PU synthesis. The
isocyanate group reacted to some extent with water
and/or the carboxylic group of DMPA yielding urea as
a by-product, as shown by the NMR spectra of PUs.
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Figure 3. Zimm plots of non-carboxylated PU M-D0 and
carboxylated PU M-D50 in LiBr/DMF. M-DO0: R,=23+1
nm, M, =(7.35+0.04)-10* g mol™, 4,=(1.06+0.01)-10~ mol
mL g2 M-D50: R,=22+1 nm, M,=(6.23+0.01)-10* g mol”,
A,=(1.19£0.01)-10” mol mL g
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Figure 4. Zimm plots of non-carboxylated PU M-D0 and
carboxylated PU M-D50 in THF. M-D0: R,=28+2 nm,
M,=(7.39+0.03)-10* g mol™, 4,=(1.83£0.01)-10~ mol mL
g”. M-D50: R,=23.5%0.4 nm, M, =(6.26+0.02)-10* g mol™',
A,=(1.3840.01)-10 mol mL g~

The values of 4, determined in THF are positive
and increase in the order M-D50<M-D0<H-D0<MDI-
PTMO (Table 1). These results imply that low polarity
THF is a good solvent for flexible soft segments (MDI-
PTMO), but not as good a solvent for the hard segments.
This is also evident from the only partial solubility of
model compounds presenting hard segments (MDI-
NPG, MDI-DMPA) in THF. Therefore, in very
dilute solutions of PU in THE PU chains might form
intramolecular associates via intramolecular H-bond
interactions between polar groups in hard segments.
The degree of intramolecular interaction depends
on the chemical composition of hard segments and
their content within the macromolecular chains.
Intramolecular interactions greatly influence the PU
hydrodynamic volume.

Table 1. Results of static light scattering measurements for
solutions of PU of different chemical composition in THE,
LiBr/DME and DME, together with PU dn/dc values.*

Sample Parameters THF LiBr/DMF DMF
H-DO dn/de (mL g™) 0.083  0.048 0.045
Mw‘104 (g mol") 3.2 3.2 9.2
Rg (nm) 11 10 65
Ar10°(molmL g™) 187 091 1.46
M-D dn/de (mL g™) 0.143  0.105 0.101
M, 10%(@gmoly 74 7.35 8.8
Rg (nm) 28 23 37
Ary10° (molmL g?) 183 106 135
M-D50 dn/de (mL g™) 0.140 0.104 0.099
MW 104 (e mol™) 6.3 6.2 -
Ry (nm) 23 22 -
A,-10° (molmL g?)  1.38 1.19 -
MDI-PTMO  dn/dc (mL g™ 0.108  0.072 0.068
My 10 (@mol) 31 3.0 6.9
R, (nm) 14 12 51
A4>10° (molmL g?) 195  0.33 0.68

* The model compounds representing hard segments (MDI-NPG,
MDI-DMPA) were only partially soluble in all the solvents used.

Table 2. Results of SEC-MALS measurements for solutions of PU
of different chemical composition in THF, LiBr/DMFE and DME.*

Sample Parameters THF LiBt/DMF pMp***
H-DO M, 10% (gmol™) 32 32 10-10°

M, 10*(@gmol™) 2.5 25

Mol My 13 13

R, (nm) 12%%  10** >100
M-D0 M, 10% (gmol™) 73 74 10*-10°

ﬁn .10 (gmol™) 5.2 53

Mol M 14 14

R, (nm) 23 19 >100
M-D50 M.10% (gmol!) 6.2 6.3 10*-10°

M, 10%(gmol™) 44 42

MM, 14 15

R, (nm) 20 16 >100
MDI-PTMO 37,10 (gmol™) 3.1 3.0 10°-10°

M,10% (gmol™) 26 23
Mo/ M, 12 13
R, (nm) 15 below 10%* >100

* The model compounds representing hard segments (MDI-
NPG, MDI-DMPA) were only partially soluble in all the solvents
used. ** unreliable R, determination since the values are at the
lower limit of the photometer sensitivity. *** MMA and MMD
values depend on solution concentration and temperature.'

The conformational plots, representing the
dependence of log R on log M, reveal that all investigated
PU samples, except carboxylated PU M-D50, have
random coil conformation in THF (the slope of the
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line around 0.5, Figure 5). From the comparison of the
molar mass distributions of H-DO with slightly higher
MMA and lower A4, than corresponding values for
MDI-PTMO (Tables 1, 2), we can see that at a particular
elution volume (V,; i representing a particular slice in
the chromatogram) where the macromolecules with the
same hydrodynamic volume elute from the column, the
M, of H-DO is slightly higher than that of MDI-PTMO
(Figure 6). This means that the conformation of H-D0
coils is more compact than that of MDI-PTMO coils.
These results can be explained by the higher content
of urethane groups in the chains of H-DO leading to a
greater number of intramolecular interactions. This is
also confirmed by the differences between H-D0 and
MDI-PTMO in term of R, and [#] (Tables 1, 2). The
intermolecular interactions are most pronounced in
the case of carboxylated PU M-D50 containing hard
segments bearing two kinds of polar groups, urethane
and carboxyl groups, which are able to form H-bonds.
Therefore, M-D50 has the lowest 4, value (Table 1) and
the most compact sphere conformation in THF (slope
of the line is approx. 0.33, Figure 5).

100.0p

[ THF
[ M-DO
R (nm)[
10.0
1.0 ‘ |
1.0x10* 1.0x10° 1.0x10°
M (g mol™)
100.01
r0.1 M LiBr/DMF
[ M-DO
R (nm)
10.0 -
1.0 Ll L
1.0x10* 1.0x10° 1.0x10°
M (g mol™)

Figure 5. Conformation plots (log R as a function of log M) for
non-carboxylated PU M-D0 and carboxylated PU M-D50 in THF
(line slope: 0.53 for M-DO0 and 0.33 for M-D50), and LiBr/DMF
(line slope: 0.35 for M-DO0 and 0.34 for M-D50).

1mio
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Figure 6. Molar mass (M) as a function of elution volume
together with RI chromatograms for non-carboxylated PU H-DO
and model PU MDI-PTMO in THF and LiBr/DME

In LiBtr/DMF the determined molar mass averages
of PUs are comparable to those determined in THE
although the A, values are lower (Tables 1, 2). Since
LiBr/DMF is a worse solvent for PU than THE, the
PU hydrodynamic volumes are smaller, as indicated by
smaller values of R, and [#] (Tables 1, 2 and Figure 2).
A, increases such that MDI-PTMO<H-D0<M-D0<M-
D50; the opposite of the results in THF (Table 1). These
results indicate that LiBr/DMF is a good solvent for hard
segments, but not as good a solvent for soft segments.
Since soft segments are poorly solvated, M-DO0 and
M-D50 have compact sphere conformation (Figure 5).
The values of R, for H-DO and MDI-PTMO are at the
lower limit of the sensitivity of the photometer and have
a high error of determination (Tables 1, 2). Therefore,
in this solvent it was not possible to determine their
conformation. Nevertheless, the comparison of molar
mass distribution of these two kinds of PU indicates
that the conformation of MDI-PTMO is more compact
than that of H-DO (Figure 6). Good salvation of
hard segments by LiBr/DMF is also evident from the
chemical shifts of protons of urethane and urea groups
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in PU 'H NMR spectra. The chemical shifts of these
groups in LiBr/DMF-d, are in a lower magnetic field
(higher ppm) than in THF-d,.

Conclusions

The investigation of dilute solution behavior
of PUs by LS, SEC-MALS and viscometry indicated
that PU hydrodynamic volume depends not only on
macromolecular size, but also on a kind of the solvent
and PU chemical composition. Solvent polarity and
chemical composition of PU chains determine the kind
and intensity of interactions between the segments in
PU, which is reflected in R, and [#] of individual PU
sample. The 4, parameter, which was determined by
static light scattering measurements, depends on the
PU chemical composition and has a positive value in
all the solvents studied. The values of 4, indicate that
THF is a better solvent for the soft segments, whereas
LiBr/DMF and DMF are better for the hard segments
in PU chains. The weight average molar masses of a
particular PU determined by LS or SEC-MALS in
THF or LiBr/DMF are comparable and independent
on solution concentration indicating that PUs are
dissolved on the molecular level. Molar mass averages
and R, determined in DMF were due to association
higher than those determined in THF or LiBr/DMFE
The association of PUs in DMF was prevented by the
addition of LiBr to DME
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Povzetek

Raziskali smo lastnosti razred¢enih raztopin PU razli¢ne kemijske sestave v THF, LiBr/DMF in DMF s stati¢nimi
meritvami sipanja svetlobe (LS), izkljuitveno kromatografijo v povezavi s sipanjem svetlobe (SEC-MALS) in
merjenjem koncentracijske odvisnosti viskoznosti raztopin. Ugotovili smo, da so povprecja molskih mas, ki smo
jih dolo¢ili z LS ali SEC-MALS metodo v THF (LiBr/DMF) za vse raziskane PU primerljiva, poleg tega pa tudi
neodvisna od koncentracije raztopin, kar kaze, da so bili PU v omenjenih topilih raztopljeni na molekularnem
nivoju. Iz vrednosti drugega virialnega koeficienta PU, ki smo jih dolo¢ili z LS metodo, so pokazale, da je THF
boljse topilo za PU kot LiBr/DME in da je THF predvsem dobro topilo za mehke segmente, LiBr/DMF pa za
trde segmente v PU. Iz omenjenega razloga ima posamezen PU v LiBr/DMF manjsi hidrodinamski volumen kot
v THE, kar dokazujejo manjSe vrednosti R, in [#] kot v THE. PU v DMF so kazali neobicajne lastnosti; zelo visoka
povprecja molskih mas, R, in [#] v primerjavi z vrednostmi, ki smo jih dolo¢ili v LiBr/DMF ali THE. Zato smo
sklepali, da PU v DMF asociirajo, stopnja asociacije pa je odvisna od kemijske sestave PU.
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