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ABSTRACT: Crosslinking reactions and stratification processes in polyurethane films
were investigated using attenuated total reflectance (ATR) FTIR spectroscopy. The HDI
trimer levels near the film—substrate (F-S) interface appear to increase at the early
stages of reactions, and after reaching a maximum, decrease. This is attributed to
solvent depletion and subsequent film shrinkage, thus causing local NCO concentration
changes. At the later stages of crosslinking reactions, stratification of the 1,6-hexa-
methylene diisocyanate (HDI) trimer occurs, with higher concentration levels at shal-
lower penetration depths from the F—S interface. At the same time, NCO-containing
groups assume preferentially parallel orientation to the F-S interface. On the other
hand, H-bonded carbonyl groups tend to orient themselves in a perpendicular direction.
Quantitative analysis indicates that at extended reaction times the amount of H-
bonded C=O0 groups at shallower penetration depths increases and their orientation
tends to be more random, which is correlated with migration toward the F-S interface.
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INTRODUCTION

Although there have been numerous studies con-
ducted on polyurethanes (PURs),'® the issue of
surface/interfacial stratification is relatively new.
As a matter of fact, it was not until 1996 that the
first study concerned with NCO stratification was
published and showed that humidity and crosslink-
ing conditions significantly affect PUR film forma-
tion.” Other studies also recognized that kinetics®
and surface morphology® are affected by environ-
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mental conditions, particularly, by the presence of
water. Recent quantitative studies!®*? also indi-
cated that, in addition to the NCO sensitivity to
water, there are other important surface/interfacial
features. For example, one would anticipate that,
due to the consumption of NCO functionalities dur-
ing crosslinking reactions, NCO concentration lev-
els would decrease as polyol-1,6-hexamethylene
diisocyanate (HDI) reactions progress. However, ex-
perimental evidence showed that there are circum-
stances where the NCO concentration initially in-
creases during crosslinking, followed by its de-
cline.!®* To understand this phenomenon, we
expanded the scope of the previous studies and ex-
amined factors that may influence this behavior.
Previous studies'®'? also showed that NCO groups
orient randomly near the film—substrate (F-S) in-
terface, no NCO stratification occurs at the early
stages of reactions, and H-bonded C=0 groups ex-
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hibit a preferentially perpendicular direction to the
F-S interface. Since functional-group changes and
H-bonding play an important role in PUR film for-
mation at various depths from the surface, this
study also addressed transient interfacial changes
occurring during film formation.

EXPERIMENTAL

Hydroxyl-substituted polyacrylate Desmophen
A-450A (50% (w/w) solids in a 50:50 (w/w) xylene
and butyl acetate solvent mixture) and the HDI
trimer (Desmodur N3300) were obtained from the
Bayer Co. Anhydrous xylene (99+%) and anhy-
drous butyl acetate (99+%) were purchased from
the Aldrich Chemical Co., Inc. Acrylic polyol and
the isocyanurate crosslinker were mixed in a 1:1.1
[OH]/[NCO] ratio. The mixture was stirred for 2
min and drawn onto a substrate (typically Ge) to
yield a wet film with thickness of 200 = 10 um.
Such prepared films were allowed to crosslink at
25°C and 7% relative humidity (RH).

Transmission and attenuated total reflectance
(ATR) FTIR spectra were collected on a Nicolet
Magna-IR® 850 spectrometer. An ATR variable-
angle multiple-reflection attachment (Spectra
Tech, Inc.) with a 45° end parallelogram KRS-5 or
Ge crystal was utilized. The spectrometer was
continuously purged with dry air supplied from a
Balston type 75-60 air-purification system. A
Graseby Specac 12000 polarizer was used to de-
termine the preferential orientation of the func-
tional groups. Each spectrum was collected at a
4-cm ! resolution and represented 200 co-added
scans, collected and ratioed against a background
of 200 co-added scans of an empty ATR cell
equipped with KRS-5 or Ge crystals. In an effort
to vary the depth of penetration into the films, the
ATR attachment was aligned at various angles of
incidence. Concentration levels of isocyanate
were determined by constructing a calibration
curve which allowed us to correlate the band in-
tensity at 2273 cm ™! to the NCO concentration.
In an effort to eliminate optical effects resulting
from the dispersive nature of the ATR measure-
ments, all spectra were corrected using Q-ATR
software.'® Spectral features of overlapping
bands were deconvoluted using a maximum en-
tropy approach.'*

RESULTS AND DISCUSSION

As in the previous studies,” > ATR FTIR spec-
troscopy was utilized to follow molecular level

Table I FTIR Band Assignments for PUR
Components

Wavenumber (cm 1)

Acrylic  HDI

Band Polyol Trimer PUR

C—OH str. 3532 3532
N—H str. 3395
Overtone C=0 3214
v, CH, 2961
v, CH, 2939 2936
v, CH, 2890 2864 2863
NCO out of phase 2273 2273
Free C=O0 str. 1760 1780
Acrylic C=0 str. 1730 1730
Urea C=O0 str. 1690 1690
6 N—H and v, C—N amide

IT (urea) ~ 1525
8 CH, 1464 1465 1464
NCO in phase str. 1430 1427
8 —C(CHy) 1386 1374 1374
NCO in-phase 1340 1335
CH,, twist 1302 1304 1304
(0=)C—O0—=C str. 1150 1150
v, C—N—C 1146 1143
v, C—0—C 1097
C—C skel vib. 1055 1048 1058
C—C—O out of phase 996 994
C—C skel. vib. 952 942
v, C—N—C 861 856
vy, C—0—C 829 828
C—C—O in phase 766
CH,, in-phase-rock 729 732 731
8 NCO 583
5§ C—0—C 428

vs, symmetric stretch; v,, asymmetric stretch; 8, deforma-
tion.

changes resulting from crosslinking reactions of
the HDI trimer and acrylic polyol. Tentative band
assignments for polyacrylate, isocyanate, and the
resulting PUR are summarized in Table 1.1°71°
Here, we just point out the bands that are respon-
sible for crosslinking reactions and structural fea-
tures occurring during PUR film formation near
the film—air (F-A) and film—substrate (F-S) inter-
faces. Figure 1 shows ATR FTIR spectra of PUR
collected from the F-S interface, and traces A, B,
and C represent the spectra measured after 1, 8,
and 38 h, respectively, of reactions conducted un-
der 5-10% RH. Of particular interest is the band
due to NCO functionality at 2273 cm ™! because
its intensity is proportional to the concentration
changes of the NCO groups. The band at 1730
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Figurel ATR FTIR spectra of solvent-borne PUR recorded at the F—S interface at 7%
RH and 25°C for reaction times of (A) 1 h, (B) 8 h, and (C) 38 h.

cm ! is due to acrylic carbonyl (C=0) groups,

and the 1690-cm ! band is due to C=0 groups of
urea of the HDI trimer.!%!! Comparison of traces
A, B, and C in Figure 1 indicates that, as the
reactions proceed, the intensity of the 2273-cm !
band decreases since NCO groups are consumed.
At the same time, the band at 3532 cm ™!, corre-
sponding to the O—H stretching modes in acrylic
polyol, and the band at 1242 cm ™!, due to O=C—
O—C stretching vibrations of the butyl acetate
solvent, decrease. In contrast, the bands due to
urethane linkages, including N—H stretching
and deformation bands at 3395 and 1525 cm !,
respectively, and the (O=)C—0O—C stretching
band at 1150 cm !, increase as crosslinking reac-
tions progress.

Following the intensity changes of the 2273-
cm ™! band, the NCO concentration changes near
the F-A and F-S interfaces under different
crosslinking conditions can be monitored by de-
termination of the NCO extinction coefficient.!!
As shown in Figure 2, curve A, as the reaction
progresses, NCO concentrations at the early
stages of reactions reach a maximum; that is,

during the first 1-2 h, the NCO concentration
near the F-S interface increases, followed by its
decrease. This behavior at the early stages of the
reactions is somewhat surprising, as one would
expect consumption of the NCO groups during the
entire process. However, solvents may play an
important role at the early stages of the reactions.
Curve B of Figure 2 shows solvent depletion plot-
ted as a function of time and it appears that,
within the first 1-2 h of crosslinking, the solvent
evaporates rapidly, which parallels the increase
of the NCO concentration. These observations in-
dicate that, at the early stages of the reactions,
solvent evaporation, which leads to an increase of
the NCO concentration, is the controlling factor
for the NCO concentration changes. After 1-2 h of
the reactions, solvent evaporation slows down
and the consumption of NCO groups due to
crosslinking reactions becomes the controlling
factor. It should be also noted that Figure 2, curve
B, represents the weight loss of two solvents: bu-
tyl acetate and xylene.

In an effort to determine contributions of each
solvent to the mixture, concentration changes of
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Figure 2 (A) NCO concentration of solvent-borne PUR at 0.29-pum depth from the F—S
interface and (B) percent solvent loss as the functions of reaction time recorded under

7% RH.

both solvents as a function of time near the F-S
interface using ATR FTIR spectroscopy was mon-
itored. While Figure 3, curves A and B, compare
individual butyl acetate and xylene concentration
changes within the film, curve C shows the total
solvent loss. As seen, both solvents exhibit the
same desorption patterns, which parallel the sol-
vent mixture evaporation curve, indicating that
neither butyl acetate nor xylene partial vapor
pressures dominate the evaporation process.
Previous studies indicated that the NCO con-
centration changes as a function of distance from

the F-A and F-S interfaces.!! In an effort to
examine if NCO groups exhibit preferential ori-
entation at various distances from the surface,
ATR FTIR measurements were employed by
varying the angle of incidence and using polarized
light. The use of polarized light allows us to de-
termine the orientation of functional groups.'®
Following the accepted convention, the trans-
verse electric (TE) wave of infrared radiation is
defined as having its electric vector parallel to the
crystal plane (or perpendicular to the plane of
incidence), whereas the transverse magnetic (TM)
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Figure 3 (A) Butyl acetate and (B) xylene concentration at 0.3 um depth of penetra-
tion from the F—S interface and (C) total solvent loss of the PU film as a function of time.
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Figure4 (A)NCO (2273 cm™ ') intensity as a function of reaction time recorded for TE
and TM polarization at the F-S interface at later stages of crosslinking. (B) Relative
change of NCO concentration at different depths of penetration (0.27 versus 0.30 wm)
as a function of time.

polarization has an electric vector perpendicular film plane and those oriented perpendicular to the
to the crystal plane.!” The spatial direction of plane. By superimposing TM and TE spectra re-
these two polarizations thus allow us to distin- corded from the same penetration depth, we will
guish between the dipole moment changes in the be able to examine the preferential orientation of



2050 HAN AND URBAN

the functional groups. Experiments showed that
during the early stages of the reactions (up to 5 h)
the NCO intensity at 2273 cm ! does not change
as a function of the penetration depth and direc-
tion. However, at the later stages, NCO groups
show stratification and orientation preference.
Figure 4(A) shows the NCO intensity changes
near the F-S interface plotted as a function of
time at the later stages of crosslinking based on
the ATR spectra recorded using TM and TE po-
larizations. The enhanced intensity of the TE
spectrum indicates that there are more C=O0O
groups taking this orientation. Since the TE di-
rection represents orientation parallel to the F-S
interface, at a given time and depth, more NCO
groups are oriented in the direction parallel to the
film plane.

Quantitative analysis of the NCO concentra-
tion changes at extended reaction times is
shown in Figure 4(B), which illustrates the rel-
ative NCO concentration changes from 0.30 to
0.27 um depths of penetration, ([NCOlj 27,m
— [NCOlg 50,m)/[NCOlg 30,m- It appears that, at
the later stages of crosslinking, the NCO con-
centration increases at shallower depths from
the F-S interface and the NCO concentration
difference between various depths gradually in-
creases with time.

Due to their ability to form hydrogen bonding
(H-bonding), carbonyl groups are an important
functionality in PURs. The orientation of H-bond-
ing entities, determined using polarized ATR
FTIR spectra, is shown in Figure 5. Trace A gives
the original TM spectrum, while trace B shows
the deconvoluted spectrum of A after a maximum-
likelihood spectral analysis was applied.!* This
approach is commonly utilized when band overlap
does not allow us to resolve spectral features. In
this case, the deconvoluted spectra were gener-
ated from the best estimation of a maximum prob-
ability approach by using physical information
about spectral features and statistical knowledge
of the unknown number of overlapping bands. It
appears that the 1728 cm ! band, due to the
stretching mode of C=0 groups in PUR, was re-
corded using TM polarization splits to two bands
at 1730 and 1720 cm '. However, for the TE
polarized spectrum recorded in the range of 0.85
to 1.53 um from the F-S interface, there is no
detectable band split after deconvolution. Since
the bands at 1730 and 1720 cm ™! are due to free
C=0 and H-bonded C=O0 groups, respectively,'?
H-bonded C=0 groups tend to align perpendicu-
lar to the F-S interface plane.

A
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2 5/ ! 1720 /\
] | I
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175'0 1760
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Figure 5 TM polarized ATR FTIR spectra of the car-
bonyl region of solvent-borne PUR recorded at 0.85 um
from the F-S interface after 44 h of reaction under 7%
RH.

Relative amounts of H-bonding at different
penetration depths are compared in Figure 6,
where the relative amounts of H-bonded C=0O
groups are represented by the ratio of 1720-1730-
cm ™ ! band areas. It appears that, as the distance
from the F—S interface increases, the extent of
H-bonding also increases. In PUR films, both OH
and NH species can be hydrogen donors to form
H-bonding. Since there are relatively small
amounts of OH functionalities left after 8 days of
film formation, the primary source of hydrogen
donors comes from N—H groups. However, at
shallower penetration depths, the situation
changes, in which case there are H-bonded C=0
groups in both parallel and perpendicular direc-
tions, although higher H-bonded C=O content is
detected in the direction perpendicular to the F—S
interface. Results of quantitative analysis at
depths ranging from 0.36 to 0.40 um are given in
Figure 7. Although there is no significant differ-
ence in the total concentration fraction of H-
bonded C=0 with respect to penetration depths,
more H-bonded C=0 groups are oriented in the
direction perpendicular to the F—S interface (TM).
Thus, the results shown in Figures 7 and 8 indi-
cate that the amount and orientation of H-bonded
carbonyl groups vary with the penetration depth
near the F-S interface, which is schematically
summarized in Figure 8.
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Figure 6 Area ratio of band at 1720 cm ™! to band at 1730 cm ™! of solvent-borne PUR
at 0.85, 1.23, and 1.53 um from the F—S interface after 200 h of reaction under 7% RH.

The formation of H-bonded species requires
specific orientation and space between the hydro-
gen donors (N—H groups) and acceptors (C=0O
groups). If hydrogen donors and acceptors are
located too far from each other, or if they are
unable to assume a favorable orientation, H-
bonding will not occur. However, as reactions pro-
ceed, the amount of H-bonding may change due to
molecular relaxations. Figure 9 shows the area
ratio of the 1720-1730-cm ™! bands recorded from
0.36-, 0.39-, and 0.40-um depths near the F-S
interface for TE and TM polarizations. As seen,
the area ratio increases as a function of time. This
information can be used to determine the tran-
sient behavior of H-bonded C=0 groups by cal-
culating the dichroic ratio of these bands.!® Fol-
lowing a well-established convention, the dichroic
ratio for an absorption band is defined by'®

Area ratio of 1720 cm’' band
to 1730 em™ band

D=1I/I, (1)

where Iy and I, are band intensities of TE and TM
polarized IR spectra, respectively.

The orientation of species is usually expressed
by the Herman orientation F', which has the fol-
lowing relationship with the dichroic ratio:

F=(Do+2)(D-1)/Dy—1)(D+2) (2

where D, = 2 cot® « and « is the angle between
the transition moment of the vibration and the
H-bonded C=0, which is assumed to be 0° for the
C=0 stretching band. Using the following rela-
tionship,

F = (3 cos?0—1)/2 (3)

Depth of penetration (pm)

Figure 7 Area ratio of band at 1720 em™* to band at 1730 cm ™! of solvent-borne PUR
at 0.36, 0.39, and 0.40 wm from the F-S interface after 200 h of reaction under 7% RH.
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Figure 8 Schematic representation of hydrogen-
bonded carbonyl group distribution and orientation.

the average orientation angle of H-bonded C=0,
0, can be determined. Figure 10 illustrates the
orientation function F and an average angle 6’s
changes plotted as a function of time at penetra-
tion depths ranging from 0.36 to 0.40 um. It ap-
pears that the average angle between H-bonded
C=0 and the F-S interface is about 60°, which
slightly decreases with time, indicating that the
orientation of H-bonded C=0O groups becomes
more random. It should also be pointed out that
the majority of orientation changes occur at
the early stages of crosslinking. As reactions
progress, solvent evaporates and molecular seg-
ment motions result in additional H-bonding and
the direction of H-bonded C=0O groups becomes
more random at extended reaction times. As we

recall from data shown in Figure 2, which are
inserted in Figure 10, it takes about 2 h for 60% of
the solvent to evaporate; thus, the remaining por-
tion will plasticize the urethane network and ran-
domize orientation of the H-bonded C=0O direc-
tion.

One issue that is also of interest is why the
H-bonding direction changes as a function of the
penetration depth. As seen from Figures 6(a) and
7(a), at deeper depths (0.85-1.53 um), almost all
H-bonded C=0 groups take the perpendicular
direction, indicating that local polymer segments
preferentially align parallel to the F-S interface.
However, at shallower depths (0.36—0.40 wm),
H-bonded C=0 groups also take other directions,
indicating that some local segments take direc-
tions other than the parallel one. Experimental
observation shows that there is a tendency for the
urea structure to migrate to the F-S interface,
which may cause randomization of molecular seg-
ment orientation. To address why the urea struc-
ture moves to the interface, interfacial tensions
are estimated. The interfacial energy y can be
estimated based on the following relationship®’:

Yos = Vp T ¥s — 207,79 (4)

where the subscripts p and s denote the polymers
and the substrate that form the interface.

Based on surface tensions of —NHCONH—,
—NHCOO— entities and Ge,?"??, the urea/Ge
and urethane/Ge interfacial tensions are calcu-

16+ B0.36 um-TM
« = e 036 um-TE

14+ 00.39 um-T™M
e e [10.39 um -TE

M0.40 um - TM
0.40 um - TE

Area Ratio of 1720 cmi” band
to 1730 cm™ band, %

6 hrs 8 hrs

24 hrs 60 hrs 120 hrs

Time

Figure 9 Area ratio of band at 1720 cm ™! to band at 1730 cm ™! of solvent-borne PUR
as a function of reaction time recorded at 0.36, 0.39, and 0.40 um from the F-S interface

and TM and TE polarizations under 7% RH.
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Figure 10 Orientation function (F) and average angle between H-bonded C=O0 bands
and the F-S interface (0) as a function of time.

lated to be 371 and 321 mN/m, respectively. Since
the urea/Ge interface exhibits a lower interfacial
tension, segments containing ureas migrate to
the F-S interface, thus randomizing segmental
orientation of layers near the F—S interface, As a
consequence, H-bonding is reduced and random.
Figure 11 schematically shows the orientation of
H-bonding and local segments at various depth
regions.

CONCLUSIONS

In summary, at the early stages of PUR crosslink-
ing reactions, the NCO concentration changes
due to solvent evaporation, resulting in a volume
reduction of the film, and there is no stratification
and no preferential orientation of NCO groups
during this period. At the later stages of film
formation, the NCO content near the F-S inter-

) —TTT— T 2,
M 0.85 - 1.53 pm
H _|:|_/\ from F-S:
N Emme N
G‘“":"]S) H
==
G [ 7
%/ 0.36 - 0.40 um
:; from F-S:
ﬁ 0 =60°
o J

Figure 11 Schematic representation of H-bonding and local molecular segment ori-
entation in a PUR film near the F-S interface.
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face is higher and exhibits a preferentially paral-
lel orientation with respect to the surface. The
orientation of H-bonded C=0 groups is preferen-
tially perpendicular near the F—S interface, but
they tend to take parallel orientation closer to the
interface.

The authors are thankful to the National Science Foun-
dation Industry/University Cooperative Research Cen-
ter in Coatings and the Bayer Corp. for a financial
support of these studies.
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