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INTRODUCTION

P
olyurethanes (PURs) are high performance poly-
mers known for their excellent properties among
which such properties as abrasion resistance,

hardness, flexibility, chemical and solvent resistance,
gloss, low temperature film formation, and photolitic
stability make them highly attractive for coatings ap-
plications.1-4 Many properties are achieved by syn-
thesis with numerous co-reactants,4-7 making PURs a
versatile class of polymers.1,8-13 Due to increasing en-
vironmental concerns, waterborne (WB) PURs with
equivalent properties to their solventborne counter-
parts appear to be of great importance. Although ad-
vantages of waterborne PURs are obvious, there are
new challenges in synthesizing and formulating these
polymers. The presence of water with relatively high
surface tension creates difficulty in wetting substrates,
and water may react with isocyanate, thus leading to
property differences. Although the literature contains
some information regarding WB PUR structure-prop-
erty relationships,14,15 in an effort to understand the
factors that influence waterborne PUR film formation
and structure-property relationships we initiated stud-
ies16,17 on polyacrylate emulsions, which are extended
to polyester dispersion polyurethanes. An ultimate
goal of these studies is to compare the behavior of
polyester dispersion and polyacrylate emulsion poly-
urethanes in terms of film formation near the film-air
(F-A) and film-substrate (F-S) interfaces.

As was identified in our earlier studies,16 the fol-
lowing moieties can be formed during PUR film for-
mation: urethane, amine, carbon dioxide, and urea.
Thus, we will examine crosslinking reactions and fac-
tors influencing waterborne polyurethane film for-
mation near the F-A and F-S interfaces utilizing at-
tenuated total reflectance Fourier-transform infrared
(ATR FTIR) spectroscopy,17 with focus on the forma-
tion of polyurethane/polyurea near the F-A and F-S
interfaces.
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These studies examine crosslinking reactions of
polyurethanes (PURs) using attenuated total re-
flectance Fourier-transform (ATR FTIR) spec-
troscopy and show that higher relative humidity
(RH) accelerates the crosslinking reactions lead-
ing to the formation of polyurethane and polyurea.
Concentration levels of unreacted isocyanate
(NCO) are greater at the film-air (F-A) interface
than the film-substrate (F-S) interface. In con-
trast to the previous studies on polyacrylate emul-
sion urethanes, no stratification was detected be-
tween 0.65 to 1.14 µm near the F-A and F-S
interfaces. This behavior is attributed to equiva-
lent weight differences, 3100 g/eq for polyacrylate
and 1140 g/eq for polyester. Solvent evaporation
experiments show that approximately 10% of the
initial water concentration remains in the film
for extended periods of time, resulting in reac-
tions leading to the formation of urea near the
F-S interface. PUR film formation occurs in two
stages, a solvent vapor pressure controlled stage,
followed by a diffusion controlled stage. The du-
ration of each stage depends on several factors,
including the amount of shear induced on the
shear thinning waterborne urethanes, which sub-
sequently affects the exposure of isocyanate ag-
gregates to water. Increased RH significantly af-
fects structure-property relationships of water-
borne PURs due to urea formation, which alters
the glass transition temperature, storage modu-
lus, crosslink density, and film hardness.
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EXPERIMENTAL

Sample Preparation

A polyester resin dispersion (XP-7093) and a
hydrophilically modified aliphatic (HDI) polyisocyanate,
1,6-hexamethylene diisocyanate (NCO) (XP-7063), were
supplied by the Bayer Corporation. Typical properties
of XP-7093 resin are as follows: average acid number is
51, OH number is 49, and pH 7-8. An additive based on
polyether modified dimethylpolysiloxane (BYK-346) was
supplied by BYK Chemie. Two-component waterborne
polyurethane was formulated at an NCO:OH equivalent
ratio of 2:1. The polyester resin dispersion was mixed
with the flow agent additive 2-methoxymethyl-

ethoxypropanol (0.1 w/w%) at 48 rpm. Isocyanate and 2
mL of double deionized (DDI) water were added incre-
mentally until a uniform dispersion, 150-300 cp, was
obtained after seven minutes of mixing. The formulation
was allowed to settle for five minutes before casting
onto tin-plated steel panels at 75 µm wet film thickness.
The films were allowed to crosslink at 25°C under rela-
tive humidity conditions of 20, 40, 65, and 80%. Samples
were removed periodically from the substrate for spec-
troscopic analysis using a mercury amalgamation
method. An approximate dry film thickness was 19 µm ±
2 µm.

Analytical Methods

Transmission, ATR, and Circle™ ATR FTIR were col-
lected on a Nicolet Magna 850 spectrometer and purged
with purified air (Whatman FTIR purge gas generator).
The spectra were collected at 4 cm–1 resolution using a
0.3165 cm/s mirror speed. The ATR variable-angle mul-
tiple reflection attachment (Spectra Tech, Inc.) with 45°
end cut parallelogram KRS-5 crystal was utilized. The
depth of penetration was varied by changing the angles
of incidence at 40, 45, and 60°, which correspond to 1.14,
0.92, and 0.65 µm depths of penetration at 2271 cm–1.
Polarized ATR FTIR spectra were collected with either
parallel, transverse electric (TE; 0°), or perpendicular,
transverse-magnetic (TM; 90°) polarized light using a
Graseby Specac 12000 polarizer.

In a typical experiment, 60 co-added scans were ratioed
against a background of 60 co-added scans of an empty
ATR cell equipped with a KRS-5 crystal. ATR spectra of
aqueous PUR were obtained by Circle™ ATR equipped
with a ZnSe circular crystal at 45° (Spectra Tech Inc.).
Liquid PUR was applied directly to the crystal, and the
spectra were recorded as a function of time. Due to the
fact that ATR spectra are a complex function of refrac-
tive index and absorption indexes, the dispersive nature
of ATR spectra were corrected using Q-ATR software.18

Corrected spectra were normalized to the CH2 stretch-
ing modes at 2936 cm–1. FT-Raman spectra were ac-
quired on a Bruker Equinox 55 spectrometer equipped
with a Bruker FRA 106 FT Raman accessory. The spectra
represent 1000 co-added scans in a liquid cell, at 4 cm–1

resolution using a 415 mW Nd:YAG laser excitation
source. Spectral features of overlapping bands were
deconvoluted with SS-RES maximum likelihood entropy
method.19

Viscosity measurements were performed on a Carri-
Med double concentric cylinder rheometer with a con-
trolled stress of 2.657 sec–1. Measurements were taken at
shear rates of 26, 48, 70, and 90 rpm. Conical mandrel
flexibility (ASTM D 522)20 (Sheen Instruments) was mea-
sured by bending the sample over a conical mandrel
with the coating side on top. Specimens were bent
until cracking occurs at the following intervals: 1, 3/
4, 1/2, 1/4, and 1/8 in., where 1/8 in. is the most
flexible. In the reverse impact resistance test (ASTM D
2794),20 a 2.0 lb steel cylinder with a rounded head  was
dropped through a vertical shaft onto a coated steel
panel, film side up. The maximum height at which this
weight can be dropped without cracking the film is the
impact strength (in.-lb). Knoop Tukon hardness (ASTM

Figure 1—FTIR spectra of: Trace A—water-
borne PUR; Trace B—polyester resin disper-
sion; Trace C—HDI isocyanurate; and Trace
D—2-methoxymethylethoxypropanol.

Figure 2—FT-Raman spectra of: Trace A—
waterborne PUR; Trace B—polyester resin dis-
persion; Trace C—HDI isocyanurate; and Trace
D—2-methoxymethylethoxypropanol.
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D 1474)20 was measured by a Tukon® Tester model MO,
and the Knoop hardness number (KNH) was calculated
by the following equation:20

KNH
L

l Cp

=
2

where L is the load applied to the indenter (0.025 kg), l is
the length of the indentation (mm), Cp is the indenter
constant (7.028 × 10–2).

Dynamic mechanical thermal analysis (DMTA) was
performed on a Rheometric Scientific DMTA 3E utiliz-
ing tension, compression geometry with a 6.2832 rad/
sec frequency, 0.5% strain, autotension and a 5.0984 g
initial static force. The samples were 5 mm × 9.5 mm and

0.02 mm thick, and measurements were taken from –100
to 250°C at 3°C/min.

RESULTS AND DISCUSSION

The first step in this analysis will be to identify relevant
spectral features responsible for PUR film formation.
While Table 1 summarizes FTIR and FT-Raman active
bands observed in individual urethane components and
their tentative assignments, Figure 1 illustrates ATR and
transmission FTIR spectra of waterborne polyurethane
(Trace A), polyester resin dispersion (Trace B), HDI
isocyanurate (Trace C), and 2-methoxymethylethoxypro-
panol (Trace D). The band at 2271 cm–1 (Traces A and C)

(1)

Table 1—Tentative FTIR and FT-Raman Band Assignments for Waterborne Polyester, HDI Isocyanurate,
2-Methoxymethylethoxypropanol, Polyurethane and Polyurea

Band Wavenumber (cm–1)

Waterborne HDI 2-methoxymethyl
Assignment Polyester Isocyanurate ethoxypropanol Polyurethane

IR Raman IR Raman IR Raman IR Raman

C-OH str. ...................................... 3525 3440 3530

N-H str. ......................................... 3430 3377

Overtone C=O ........................... 3214 3214

νa C=C–CH2 ................................ 3082 3080

νa CH3 .......................................... 2961 2967 2959 2966 2963

νa CH2 .......................................... 2945 2939 2937 2933 2936 2936 2936

R3C–H .......................................... 2909 2904

νs CH2 ........................................... 2890 2890 2864 2861 2876 2876 28º63 2870

C–H str. aldehyde ...................... Shoulder 2829,2731

NCO out-of-phase ..................... 2271 2271

Free C=O str. ............................... 1760 1762 1780 1760

Free C=O str. ............................... 1722 1729 1726 1729

H–bond. C=O str. ....................... 1691 1686

C=O aldehyde ........................... 1658 1650

C=C vinyl ether .......................... 1610 1613 1606 1610 1611

δ NH+2 salt .................................... 1580 1594

δ N–H & νa C-N amide II (urea) .... 1511 1535

δ CH2 ............................................ 1464 1465 1465 1460 1455 1459 1464 1461

NCO in phase str. ....................... 1430 1435 1427 1442

C–H rock aldehyde ................... 1415 1413

δ–C(CH3) ..................................... 1386 1380 1374 1382 1375 1374 1374

δ N–H & νs C–N ........................... 1357 1352 1352

NCO in-phase ............................ 1340 1336 1335 1330

CH2 twist ...................................... 1302 1312 1304 1314 1302 1293 1304 1307

(O=)C–O–C str. ........................... 1241 1248 1249 1241 1260 1264 1241 1245

νa C–N–C .................................... 1146 1143 1153 1156

C–C str. ........................................ 1124 1124

νa C–O–C .................................... 1083 1108 1099 1098 1126,1096 1097 1098

C–C skel vib. ............................... 1055 1056 1048 1043 1058 1069

C–C–O out of phase ................. 996 1008 1005 994 1006

C–C skel. vib. .............................. 943 952 954 968 942 942

C–C–O in phase ......................... 919 901 912 919

νs C–N–C ..................................... 861 855 856 856

νs C–O–C ..................................... 829 834 842 844 844 842 828 843

C–C–O in phase ......................... 775 767 757 757 766 776

CH2 in-phase-rock ...................... 729 732 731

νs C–C4 ........................................ 660 701,640 692,645 697,648

δ NCO.......................................... 583

δ C–O–C ...................................... 431 438 428 438

νs = symmetric stretch
νa = asymmetric stretch
δ  = deformation
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is attributed to the out-of-phase stretching vibrations of
NCO. This band is of particular interest because the
NCO functionality dictates the crosslinking reactions of
waterborne PURs. In the polyurethane spectrum (Trace
A), the band at 3370 cm–1 is due to N-H stretching vibra-
tion modes. The asymmetric CH2 stretching band at
2936 cm–1 was used as the normalization band. Other
CH2 deformation modes are detected at 1466 cm–1. The
C=O stretching modes are detected at 1760 and 1690
cm–1, and are attributed to free C=O stretching vibra-
tions and H-bonded C=O stretching vibrations of urea,
respectively. Another band of interest is detected at 1535
cm–1, which is due to amide II stretching modes of poly-
urethane and polyurea. Figure 1, Trace B, shows the
spectrum of polyester with the band at 3530 cm–1 attrib-
uted to the OH functionality. The band at 1729 cm–1 due
to amide I stretching is present in the polyester disper-
sion and PUR spectra. The –NH2

+ salt deformation due
to polyester dispersion is detected at 1580 cm–1. The CH2

in-phase rocking modes of the polyester at 729 cm–1 also
appear in the urethane spectrum. For reference, Trace D
of Figure 1 illustrates an FTIR spectrum of 2-
methoxymethylethoxypropanol, with the bands at 2954
and 2873 cm–1 attributed to asymmetric and symmetric
stretching modes of CH3 and CH2 groups, respectively.
The band at 3440 cm–1 is attributed to the OH functional-
ity, while the 1098 cm–1 band is due to asymmetric C–O–
C stretching vibrations.

Due to significantly weaker water bands and mini-
mized fluorescence Fourier transform Raman (FT-
Raman) spectroscopy provide complementary informa-
tion to FTIR measurements19,21 and this method is par-
ticularly suited for water-soluble polymers. Figure 2 il-
lustrates FT-Raman spectra of waterborne polyurethane
(Trace A), polyester resin dispersion (Trace B), HDI
isocyanurate (Trace C), and 2-methoxymethylethoxypro-
panol (Trace D). As shown in Figure 2, Traces A and B,
asymmetric C=C–CH2 vibrational modes at 3080 cm–1

are detected in polyurethane and polyester dispersions.
The bands detected at 2909 and 1124  cm–1 indicate the
presence of R3C–H and C–C stretching vibrations in
isocyanurate (Trace C), and 2-methoxymethylethoxypro-
panol (Trace D). Figure 2, Trace D, confirms the presence
of aldehyde in the additive, 2-methoxymethylethoxypro-
panol, detected at 2829 and 2731 cm–1.

As was shown in the previous studies,16,17 crosslinking
reactions leading to PUR formation can be quantified by
following the decrease of the NCO band intensity at
2271 cm–1 along with the increase of the CO2 (g) band at
2237 cm–1. The primary interest in following these spe-
cies results from the fact that when NCO reacts with the
active hydrogen of a hydroxy-functional compound, a
urethane linkage is formed. This is illustrated in Scheme
1. However, in the presence of water, NCO can also react
with H2O. This is shown in Scheme 2.

When isocyanate reacts with water by condensation,
an unstable intermediate, carbamic acid, is formed, which
immediately dissociates to evolve carbon dioxide gas
and an amine, which continues to react with free isocy-
anate to form urea. The NCO reaction with water can
significantly affect film formation, as the evolution of
carbon dioxide gas may result in unexpected property
changes. Furthermore, vigorous reactions between iso-
cyanates and amines may cause a rapid increase in mo-
lecular weight and viscosity, thus reducing pot life. Since
amines are more nucleophilic than OH functional
alcohols, urea reactions will occur faster and may pre-
dominate the crosslinking process. Under such circum-
stances, one could conclude that the presence of water is
not desirable, especially that its presence may also result
in hydrolysis of polyester linkages. However, inclusion
of hydrophilic polyether tails surrounding NCO groups
minimizes the influence of water and polyurethane for-
mation dominates the process.23,24

Since we are interested in quantitative spectroscopic
analysis of NCO and CO2,  it is necessary to obtain a
calibration curve, where known concentrations of isocy-
anate and CO2 (g) are plotted against their respective
band intensities. Using Beer-Lambert’s law,

A = ε b c (2)

the molar absorption coefficient of isocyanate and CO2

(g) can be determined. Figure 3 represents the HDI
isocyanurate and CO2 (g) band intensities at 2271 and
2337 cm–1 plotted as a function of concentration. The
slope of the calibration curve is the product of the path
length and molar absorptivity, resulting in absorption
coefficients of 822.91 l/mol•cm for NCO and 168.36 l/
mol•cm for CO2 (g).17 As crosslinking reactions progress,
the isocyanate band intensity detected at 2271 cm–1 de-

Scheme 1

Scheme 2
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creases, while the band at 2337 cm–1 attributed to CO2

gas formation increases.17 The results presented in Fig-
ure 4 show Circle ATR spectra recorded from 10 to 15
min.

As shown in Scheme 2, the presence of CO2 indicates
reactions of water with isocyanate, and amine resulting
from these reactions can further react with another free
NCO to form urea. Using molar absorptivities deter-
mined in Figure 3, NCO and CO2 concentration changes
were calculated at various stages of the reaction. This is
illustrated in Figure 5. As seen, the NCO concentration
decreases from 3.93 × 10–3 to 2.48 × 10–3 M, while the CO2

concentration increases from 2.73 × 10–3 to 5.90 × 10–3 M.
During this time, from 10 to 50 min, CO2 increases ap-
proximately twice as fast as the decrease of NCO.

The amount of CO2 generated during polyurethane
network formation is influenced by numerous factors,
including the amount of water retained in the film at this
stage of reaction, relative humidity (RH) of the environ-
ment as well as the amount of shear stresses imposed on
the system. As shown in Scheme 2, CO2 is produced
when NCO reacts with water. Increasing the amount of
water or lowering evaporation rates enables water to be
retained within the film, thus increasing the chance of
NCO–H2O reactions. Since higher relative humidity sup-
presses water evaporation, reactions shown in Scheme 2
will be favorable. For the matter, higher shear rates im-
posed on waterborne PUR system may expose NCO
particles to water, thus increasing the likelihood for re-
actions with water. To account for these features as well
as in an effort to improve PUR chemical resistance, water-
borne polyurethanes are formulated at 2:1 (NCO:OH)
stoichiometry.25,26

In an effort to compare these results with the studies
conducted on polyacrylate emulsions,17 we formulated a
polyester-based urethane at 1:1 NCO:OH and followed
the decrease of NCO. Figure 6 shows the NCO decrease
for polyester and polyacrylate systems formulated at 1:1
stoichiometry and indicates that the rate of NCO con-
sumption in the polyester system is greater, as deter-
mined from the slope of –9.53 × 10–6 M/min. The slope
for PUR acrylate is –3.05 × 10–7 M/min, and this differ-
ence stems from the equivalent weight of the two water-
borne systems. The acrylic emulsion has an equivalent
weight of 3100 g/eq, whereas the polyester dispersion is
approximately three times smaller, 1140 g/eq. Thus,
when formulating the polyester dispersion as compared
to the acrylic emulsion, the polyester requires more iso-
cyanate at a given stoichiometry, which accelerates the
crosslinking reactions leading to PUR network forma-
tion.

One would also expect that shear rates imposed on
both 2K systems may affect the extent of reactions. After
all, faster shear rates may expose NCO containing par-
ticles to H2O, thus promoting reactions illustrated in
Scheme 2. Therefore, shear requirements for these two
waterborne systems should also be considered.
Polyacrylate is an emulsion, while polyester is a disper-
sion, and this difference is reflected in viscosity behav-
ior. The hydroxy-substituted polyacrylic emulsion ex-
hibits a viscosity of 50-500 cps, whereas the polyester
dispersion has a viscosity of 6000 cps. From an applica-

Figure 5—Concentration changes of NCO and
CO2 species as a function of reaction time.

Figure 4—Circle ATR FTIR spectra of water-
borne PUR recorded from 10 to 50 min in the
2400-2200 cm–1 region.

Figure 3—IR intensity of HDI isocyanurate (▲)
and CO2 (g) (●) bands at 2271 and 2337 cm–1

plotted as a function of concentration.
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tion point of view, this difference leads to different re-
quirements for obtaining a uniform dispersion. The
acrylic emulsion can be mixed with the polyisocyanate
by creating a vortex with magnetic stirring bar, whereas
the polyester dispersion requires a three-bladed propel-
ler set at 48 rpm.

Previous studies have shown that shear rates may
also affect particle sizes of isocyanate and polyol.23,24

Because shears imposed on waterborne PUR may have
an effect on the resulting chemical reactions and the
amount of CO2 gas evolved during urethane network
formation, we conducted a series of experiments on poly-
ester dispersions. The results are shown in Figure 7. As

shear forces increase, viscosity decreases, thus indicat-
ing shear thinning behavior attributed to structures of
NCO-containing particles.27 To disperse NCO in water,
it is necessary to have hydrophilic polyether tails at-
tached to the NCO-containing particle which act as a
water barrier, minimizing reactions of NCO with water
(Scheme 2). Such a structural feature allows the urethane
crosslink to predominate over urea formation.

As these studies show, under high shear conditions,
urethanes appear to give off more CO2 gas, which comes
from the reactions of NCO functionalities with H2O.
This would indicate increased exposure of NCO to wa-

Figure 8—Weight percent of solvent loss at
20% RH of water/2-methoxymethylethoxypro-
panol (Trace A—■); polyester dispersion (Trace
B—●); and formulated polyurethane (Trace
C—▲).

Figure 7—Viscosity of polyester polyurethanes
vs. shearing rate in rpm.

Figure 6—Isocyanate concentration changes
resulting from crosslinking reactions in polyes-
ter (■) and polyacrylate (●) systems formu-
lated at 1:1 (NCO:OH) ratio.

Figure 9—Crosslinking reaction time plotted as
a function of relative humidity.
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Figure 12—Isocyanate concentration changes
at the F-A interface recorded from 0 to 50 hr
under 20% (Trace A); 40% (Trace B); 65% (Trace
C); and 80% (Trace D) relative humidities.

Figure 10—ATR FTIR spectra at the (A) F-A and
(B) F-S interface crosslinked at 80% (Trace A);
65% (Trace B); 40% (Trace C); and 20% RH
(Trace D).

Figure 11—SS-RES deconvolution of the F-A
interface ATR FTIR spectra recorded after 16
hr: 20% (Trace A); 40% (Trace B); 65% (Trace
C); and 80% (Trace D) relative humidities in
the 1580-1500 cm–1 region.

Figure 13—Isocyanate concentration over
time at the film-air and film-substrate inter-
faces at 40% RH.
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ter and/or particle size changes as a result of shearing.
The latter was suggested in previous studies.23,24 In-
creased shear stresses induced on the NCO particle could
either reorient or, under high shear, even remove hydro-
philic polyether tails from the NCO-containing particles.
Regardless of which process dominates, exposure of NCO
particles increases the likelihood of reaction with water,
thus increasing the amount of CO2 gas given off.

Because the amount of water available for isocyanate
reactions is critical, we examined how solvent evapora-
tion rates affect chemical reactions. Figure 8 shows weight
loss measurements of 2-methoxymethylethoxypropanol
in DDI water (A), polyester dispersion (B), and water-
borne PUR (C), plotted as a function of time at 25°C and
20% RH. These results show that during the first eight
minutes, the rate of evaporation of 2-methoxymethyl-
ethoxypropanol:water (solvent), polyester oligomer, and
PUR are the same, thus indicating that this stage is
controlled by the partial vapor pressure of the system.
After this period, the 2-methoxymethylethoxy-
propanol:water and polyester components continue to
evaporate at a rapid rate, while PUR levels off at ap-
proximately 55% solids. The slope change indicates a
transition from partial vapor pressure to diffusion-con-
trolled evaporation, at which point approximately 10%
of the original water concentration remains in the film
for extended periods.

Because NCO functional groups can react with water
available from the surrounding environment, relative
humidity is expected to have a significant effect on the
rate of isocyanate consumption. Figure 9 illustrates the
effect of relative humidity on reaction times, where reac-
tion times are equivalent to 100% isocyanate consump-
tion. Because NCO is able to react with water contained
in the film and also water vapor from the environment,
the NCO consumption rate is highest at 80% RH after 16
hr of reaction. Reduction of relative humidity increases
the time for NCO to be depleted within the first 1.14 µm
from both F-A and F-S interfaces. For example, at 20%
RH, it takes 210 hr for all NCO groups to be consumed.
At low relative humidities, there are less pathways for
the NCO to react, thus prolonging the crosslinking time.
It should be remembered that in this study we examine
the NCO changes that occur within the first 1.14 µm
from the F-A and F-S interfaces. Consequently, NCO
concentration levels of the bulk may be higher and thus
inflate the crosslinking times presented in Figure 9.

As indicated earlier, ATR FTIR spectroscopy can eas-
ily detect urethane and polyurea formations. Both spe-
cies exhibit overlapping bands due to the amide II stretch-
ing modes, which consist of NH bending and asymmet-
ric stretching modes of CN. Using the maximum band
intensity between the 1530-1560 cm–1 region, the relative
humidity influence on urethane and urea near the F-A
and F-S interfaces was determined. This is illustrated in
Figures 10A and B. Figure 10A shows how RH shifts the
maximum of the 1532 cm–1 band at 20% to 1556 cm–1 at
80% RH. Similar behavior is observed at the F-S interface
(Figure 10B). A shift of the amide II stretching mode
reflects a transition from predominately urethane
crosslinks at 20 and 40% RH to urea at 65 and 80% RH.
Other studies have also detected urethane and urea vi-
brations at these wavenumbers.28,29

Figure 14—65% RH F-A interface as a function
of distance from the surface.

Figure 15—Pictorial representation of isocyan-
ate stratification within the polyester disper-
sion and the polyacrylate emulsion.
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In an effort to determine relative amounts of polyure-
thane and polyurea, deconvolution using a maximum
likelihood (ML) entropy approach was undertaken.
Deconvoluted spectra were normally generated from
the best estimation of a maximum probability approach
using physical information about spectral features and
statistical knowledge of the unknown number of over-
lapping bands. Figure 11 shows deconvolution of the
1580 to 1500 cm–1 region at the F-A interface after 16 hr
under 20, 40, 65, and 80% RH. As the RH increases from
20 to 80%, the band at 1527 cm–1 decreases, while the
1550 cm–1 band increases. While the band at 1550 cm–1 is
due to the amide II stretching modes of urea, the band at
1527 cm–1 is attributed to the amide II stretching modes
of urethane. These changes are attributed to the forma-
tion of urea at higher RHs, resulting from the NCO
reaction with water. Because NCO groups react with
water at higher relative humidity, reactions with OH
functional groups of a resin are suppressed, thus a de-
crease of the 1527 cm–1 band is observed.

Because solvent evaporation and partial vapor pres-
sure influence crosslinking reactions, the NCO concen-
tration was monitored under 20, 40, 65, and 80% RH as a
function of time, distance from the F-A and F-S interface,
and polarization spectra were collected to examine pos-
sible orientation changes near the interfaces. Figure 12
illustrates the isocyanate concentration changes over time
at the F-A interface under different relative humidities.
Again, as shown in Figure 9, NCO reactions are acceler-
ated at higher RHs and slow down at low RHs. For
example, at 20% RH, only a 28% decrease of isocyanate
concentration within 21 to 46 hr is observed. It should be
noted that these data were not collected until a coherent
film could be removed from the substrate, and 80% RH
for seven hours was required. Thus, only a 68% change

Figure 16—Film-substrate interface after 16 hr
as a function of depth, 0.65, 0.92, 1.14, and
relative humidity, 20, 40, 65, and 80%.

Figure 17—Tukon hardness as a function of 20,
40, 65, and 80% RH.

in NCO concentration was detected. Since no changes in
polarization experiments were detected, orientation of
the functional groups is preferentially random.17

Because PURs are subjected to different external envi-
ronments, NCO consumption at the F-A and F-S inter-
faces was examined. Figure 13 illustrates the differences
in the NCO concentration at 40% RH. As shown, higher
concentration levels of NCO are detected at the F-A
interface. These results were obtained for all reaction
times and agree with the data shown in Figure 10, where
the intensity and wavenumber shifts for the amide II
stretching modes are greater at the F-S interface, thus
resulting in polyurea formation near the F-S interface.
When the reactions are monitored between 10 to 36 hr at
40% RH, the NCO concentration difference between the
F-A and F-S interfaces decreases from 47 to 9%. Previous
studies concluded that the residual concentration of wa-
ter present within the film enhances plasticization near
the film-substrate interface, thus influencing isocyanate
consumption.16,17

Isocyanate consumption as a function of depth within
the film at the F-A and F-S interfaces was examined also.
Depth of penetration studies can be performed using
ATR FTIR spectroscopy by changing the angle of inci-
dence light enters an ATR crystal.16,17,22 Figure 14 sum-
marizes the results of the depth profiling experiments
conducted at the F-A interface under 65% RH. Again, as
reactions progress, the NCO concentration decreases;
and it appears that within the first few µm from the F-A
interface, NCO remains constant. The same behavior
was detected at the F-S interface, 0.65-1.14 µm, although
the degree of the NCO consumption was different. This
behavior examined for the polyester dispersion appears
to be different when compared to our previous
polyacrylate emulsion studies,17 where a strong depen-
dence as a function of distance from the F-A and F-S
interfaces was detected. Relative changes in isocyanate
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Figure 18—DMTA of WB PUR film crosslinked at
40% RH: Curve A—storage modulus; Curve B—
loss modulus; and Curve C—tan δ, plotted as
a function of temperature.

concentration over time for the polyester dispersion and
polyacrylate emulsion are summarized in Figure 15.

At this point it is appropriate to compare waterborne
polyester and polyacrylate studies. Previous studies on
polyacrylate emulsions revealed stratification within 0.65
to 1.14 µm at both interfaces.17 However, polyester dis-
persion does not exhibit this behavior and equivalent
weight difference between polyester and acrylate, 1140
and 3100 g/eq, respectively, is attributed for this behav-
ior. As was shown in Figure 6, the rate of the NCO
reaction may determine whether stratification is observed
on the monitored time scale. Because NCO is consumed
faster for the polyester crosslinked PUR, stratification
does not occur within the first few µm from F-A and F-S
interfaces. On the other hand, slower reacting acrylate
system stratification within 0.65 to 1.14 µm at both inter-
faces is detected.

Figure 16 illustrates the changes in isocyanate concen-
tration as a function of depth and RH after 16 hr of
crosslinking. After 16 hr, NCO concentration levels at
40% RH are approximately 51% of the NCO concentra-
tion at 20% RH. As shown in Figure 16, the distance from
the substrate has no effect on the NCO concentration as
a function of RH for the polyester dispersion. All changes
observed in Figures 14 and 16 are within the standard
deviation for each sample.

Knowing the relative humidity, water retained in the
film, and shear rates influence crosslinking reactions of

WB PURs, it is appropriate to correlate structure-prop-
erty relationships for PURs crosslinked at 20, 40, 65, and
80% RH. Conical mandrel flexibility (ASTM D 522) and
reverse impact resistance (ASTM D 2794) show no
changes as a function of RH, having the highest flexibil-
ity and reverse impact resistance at 1/8 in. and 110 in.-
lb, respectively. However, as illustrated in Figure 17,
Tukon hardness reveals the effect of RH. As RH in-
creases, the Tukon hardness decreases from 8 to 2.9,
which is attributed to polyurea formation.

Because relative humidity induced structural changes
of the WB PUR, dynamic mechanical thermal analysis
(DMTA) was conducted.30 The results of DMTA analysis
are illustrated in Figure 18 for a PUR specimen crosslinked
at 40% RH. As seen, the maximum of the tan δ peak at
71°C is the glass transition temperature (Tg), and using
the storage modulus minimum in the rubbery plateau
region at 100°C, the XLD was calculated as 3.8 × 10–4

mol/cm3. Table 2 summarizes the Tg and XLD recorded
for WB PUR films crosslinked at 20, 40, 65, and 80% RH.
As expected, higher RH results in lower XLD, which is
also reflected in hardness as well as molecular level
spectroscopic measurements.

CONCLUSIONS

Factors that influence waterborne polyurethane film for-
mation were examined using ATR FTIR spectroscopy at
the F-A and F-S interfaces and correlated to macroscopic
measurements. These studies show that polyurethane
and polyurea are detected and relative humidity signifi-
cantly influences the time and type of crosslinking reac-
tions. NCO content at the F-A interface is higher than the
F-S interface, and the depth profiling experiments from
0.65 to 1.14 µm reveal no stratification of NCO. How-
ever, increased polyurea content at deeper depths from
both interfaces are detected. Solvent evaporation experi-
ments showed a solvent evaporation-controlled stage
within the first eight minutes of reaction time at 20% RH.
After this period, the process is diffusion controlled,
where approximately 10% of the original concentration
of water remains in the film for extended periods.

WB PUR exhibits shear thinning behavior and in-
creased shear rates generate higher CO2 contents during
the film formation, ultimately leading to a viscosity de-
crease. These data suggest that NCO particles have a
greater tendency for interactions with water under high
shear rates. A comparison of polyester dispersion and
polyacrylate emulsion polyurethanes shows different
stratification profiles of the NCO. While polyester ure-
thane consumes NCO faster due to differences in equiva-
lent weight, this process may diminish stratification pro-
cesses observed for slower reacting polyacrylate poly-
urethanes. Relative humidity also has an influence on
macroscopic properties. Although no differences were
detected for flexibility and reverse impact resistance tests,
most likely due poor sensitivity of these measurements,
Tukon hardness decreased for PUR films crosslinked at
higher RHs. These results agree with DMTA data, which
showed that for films crosslinked at higher RH, the Tg

and XLD are lower due to polyurea formation. Since it is

Table 2—Tg and XLD of WB PUR Film Crosslinked at 20, 40, 65,
and 80% RH

Crosslink Density
WB-PUR film XLD (mol/cm3)
crosslinked at: Tg (°C) [calculated at 100°C]

20% RH ............................... 70.8 5.2 x 10–4

40% RH ............................... 71.1 3.8 x 10–4

65% RH ............................... 68.2 3.1 x 10–4

80% RH ............................... 68.1 1.8 x 10–4
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apparent that urethane film formation is sensitive to
environmental effects, our future studies will involve
the effect of substrates on their film formation.31
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