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X-Ray Photoelectron Spectroscopy
and Atomic Force Microscopy of
High-Solid Polyurethane Resins

Limin Wu, Xichong Chen, and Lijun Zou
Department of Materials Science, Fudan University,
Shanghai, China

Dongzhi Hu
National Surface Physics Key Laboratory,
Fudan University, Shanghai, China

High-solid polyester polyol resins and high-solid acrylic polyol resins
were synthesized, cured by isophorone diisocyanate trimer (IPDI) to
obtain polyurethane films, and then characterized by X-ray photoelec-
tron spectroscopy (XPS) and atomic force microscopy (AFM). XPS
analysis showed that the top layers of these polymer films are dominated
by the soft segments of the resins; the IPDI segments tend to remain
inside the bulk. The polyester resins cured by IPDI at room temperature
show more soft segments than these resins cured by IPDI at 120°C.
The change in mole ratios of hydroxyl to carboxylic and/or anhydride
groups during the synthesis of the resins does not give rise to distinct
variation in surface composition in our experimental range. AFM
topographic images demonstrate that high-solid resins cured by IPDI
exhibit numerous grains or aggregates on the surfaces, while low-solid
resins cured by IPDI produce surfaces with only a few aggregates.
Curing temperature, such as room temperature or 120°C, does not cause
distinct differences in topographic images. Higher hydroxyl content of
the resins results in smaller grains or aggregates on the surfaces.
High-solid acrylic polyol resins cured by IPDI give rise to separated
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aggregates surfaces, which is different from high-solid polyester polyol
resins cured by IPDI.

Keywords: High-solid; Polyester polyol resin; Acrylic polyol resin;
XPS; AFM

The high-solid content resins are so called because less organic solvent is
needed for them than for low-solid content resins. Because of increasingly
strict solvent emission regulations in recent years, high-solid resins have
become very desirable for use in coatings, adhesives, printing ink, electron
sealants, and packaging materials instead of traditional resins, which
usually need more organic solvent to obtain a given application viscosity.
In general, low-molecular-weight and narrow-molecular-weight distribu-
tion are necessary to obtain low viscosity and high-solid resins. The lower
the molecular weight, the lower the viscosity and the higher the solid
content of the resin; the narrower the molecular weight distribution, the
lower the viscosity and the higher the solid content of the resin. In other
words, high molecular weight and wide molecular weight distribution
always cause high viscosity and low-solid resins. In addition, each molec-
ular chain must contain at least two functional groups for being cured
by crosslinkers to obtain desirable film properties!! . Therefore, for equal
weight resins, the functionality content of high-solid-content resins is
usually considerably more than that of the low-solid-content resins, which
might result in different composition, structure, and properties.

X-ray photoelectron spectroscopy (XPS) has proved to be a very
powerful tool for the characterization of the chemical composition of
polymer surfaces up to several nanometers. Angle-dependent XPS anal-
ysis especially is of great value, not only revealing the different chemical
compositions of polymer surfaces from their bulk, but also providing the
depth profile of chemical composition, which has been extensively used
for biopolymer, surface adhesion, durability, water- and grease-resistance
of polymer films, etc.>™

In addition to chemical characteristics of polymer surfaces obtained by
XPS, physical orientation of the polymer surface could also be important
in polymer characterization. Since its introduction in 1986!'”), atomic force
microscopy (AFM) is one of the most successful tools in studying mac-
romolecular surface science, such as surface topography and other phy-
sical propertiest'! . Focused studies have been fruitful in revealing local
adhesion, friction, mar resistance, shear, triobology, etc., even down to the
molecular and atomic scale!'> 7). The expansion of AFM technique is
closely related to the strong demands for studying the surface properties at
a nanometer scale. Progress has substantially improved our knowledge in
many areas, correlating the structural characteristics with bulk properties.
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In this study, we synthesized some low-molecular-weight, high-solid
resins such as polyester polyol resins and acrylic polyol resins with var-
ious hydroxyl values, then cured these resins with polyisocyanate at room
temperature or 120°C to obtain polyurethane films. We investigated the
chemical composition and structure of the surfaces of these polymers
from high-solid resins using XPS combined with AFM.

EXPERIMENTAL

Synthesis of High-Solid Polyester Polyol Resins

A 500-mL round-bottom flask equipped with a mechanical stirrer, a
thermometer with a temperature controller, an N, inlet, a Graham
condenser, and a heating mantle was charged with adipic acid, phthalic
anhydride, neopentyl glycol, and 1,4-butanediol. The mole ratios of
both adipic acid to phthalic anhydride and neopentyl glycol to 1,4-
butanediol were kept constant while the mole ratios of hydroxyl to
carboxylic and anhydride groups were varied and designated as PR-I,
PR-II, PR-III, and PR-IV as described in Table I. When the flask was
heated to around 120°C under a slow stream of N, dibutyltin dilaurate
of 0.05% based on all monomer weight was added as a catalyst. When
the temperature was raised to 160°C, esterification reaction occurred
and water began to distill out. The reaction was maintained at the
desired temperature and time as shown in Table I, then cooled to room
temperature and poured into a container. The hydroxyl numbers of

TABLE I The recipe for high-solid polyester resins

PR-I PR-II PR-III PR-IV

Adipic acid 72.12¢g 72.12¢g 72.12¢g 72.12¢g

0.494 mol 0.494 mol 0.494 mol 0.494 mol
Phthalic anhydride 14.8 ¢ 14.8¢ 148¢g 148¢g

0.1 mol 0.1 mol 0.1 mol 0.1 mol
Neopentyl glycol 14.10¢g 14.10 g 12.27¢g 12.58 g

0.135mol 0.135 mol 0.118 mol 0.121 mol
1,4-butanediol 62.66g 62.66 g 54.75¢g 56.1¢g

0.696 mol 0.696 mol 0.607 mol 0.622 mol
-OH/-COOH 1.4/1 1.4/1 1.22/1 1.25/1

Reaction condition 160° ~170°C, 200°~210°C, 160°~170°C, 160° ~170°C,
4h 6h 4h 4h
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resins PR-I, PR-II, PR-III, and PR-IV are 123, 60, 80, and 96 mg KOH
per gram polymer determined according to ASTM D1957-86, respec-
tively. The polyester polyol resins were cured by IPDI for preparation
for polyester-polyurethane films without further treatment.

Synthesis of High-Solid Acrylic Polyol Resins

A 500-mL round-bottom flask equipped with a mechanical stirrer,
a thermometer with a temperature controller, an N, inlet, a Graham
condenser equipped with a cold finger using ice water as the cold trap, a
dropping funnel, and a heating mantle was charged with half (15 g) of the
total amount of 4-methyl-2-pentanone to be used and heated to 105°C.
A solution of a mixture of 18.2g of methyl methacrylate, 18.2g of
styrene, 48.4¢g of butyl acrylate, 6.3g or 18.9g of 2-hydroxy ethyl
methacrylate (HEMA), 6.1g of 2-mercaptoethanol, 3.65g of t-butyl
peroxy 2-ethyl hexanoate (TBPH), and 15 g of 4-methyl-2-pentanone was
added over a period of 1 h under a slow stream of N,. During the process
of the addition of the monomer mixture, the temperature was maintained
at 105+ 2°C. When addition was complete, another 0.365g of TBPH
was added, and refluxing was continued for 1 h. The product was poured
into a container and cooled to room temperature. The resins are desig-
nated as Acrylic I and Acrylic II when 6.3 g and 18.9 g of HEMA were
used, respectively. The solid contents of Acrylic I and Acrylic II were
measured at around 75% and 77% by ASTM D2369, respectively. The
hydroxyl numbers of Acrylic I and Acrylic II were determined to be 70
and 110mg KOH per gram polymer according to ASTM D1957-86,
respectively.

Preparation of Polyurethane Films

The solutions of these resins were combined with an isophorone
diisocyanate trimer (IPDI) (solid content, 70%; NCO, 12%) using 1/1
weight ratio of resin to IPDI and adjusted to 70 wt.% solid content at
application viscosity using 4-methyl-2-pentanone, leveling agent
BYK320, and defoamer BYKO070 (0.25wt.% of the total weight of the
resin and polyisocyanate on a solids basis) were prepared at room
temperature in a 50-mL beaker. Just before application, dibutyltin
dilaurate (0.05wt.% of the total weight of the resin and polyisocyanate
on total solids) was mixed thoroughly into the solution. Polyurethane
films with a thickness of about 50 um were prepared by casting the
above solution on silicone panels using a drawdown rod. Some poly-
urcthane films were dried at room temperature for 48 h, and others were
baked at 120°C for 30 min.



16: 21 21 January 2011

Downl oaded At:

XPS and AFM of Polyurethane Resins 87
Characterization of Polyurethane Films

XPS Measurement

Surface analyses of the polyurethane films were performed using XPS.
The XPS experiments were conducted on a Kratos Analytical XSAM 800
pci X-ray photoelectron spectrometer located in Fudan’s National
Microanalysis Center. The system employs a non-monochromated Mg
K, X-ray source. The X-ray gun was operated at 14keV and 20 mA, and
the system pressure was 10~° torr during analysis. Survey scans were
taken over a binding energy range of 1150-0 eV to identify the elements
on the top several nm of these polymer films based on the incident angle
of photoelectron, 60° and 90°. Relative sensitivity factors for C, O, and N
were derived from in-house standards. The uncertainty in reported
atomic compositions are approximately +5% for C, £10% for O, and
+30% for N. High-resolution C;4 spectra were acquired, and the con-
tributions were resolved using a Gaussian-Lorentzian curve-fitting pro-
cedure using Kratoa vision software.

AFM Measurement

AFM topographic images were obtained using a P47-SPM-MDT
(Russia) with non-contact tapping mode and a resonant oscillating fre-
quency of 463 kHz at ambient pressure, room temperature, and humidity.
The quality of the applied commercial-etched silicon tips was checked
before and after the measurements with a reference sample consisting of
small round-shallaed quantum dots. The mean spring constant of these
tips was 36 Nm .

The mean surface roughness, which is the average vertical deviation of
the surface relative to the center plane, and the root mean square were
calculated by P47-SPM-MDT software from the follow equation

R‘d = F(la LX7 Ly)I{O’ Ly7 1[07 LX|f(Xa y)‘dx]d}’}

where f(x, y)is the surface relative to the center plane, and L, and L, are
the dimensions of the surface. All the mean roughness values were
averaged from several AFM images.

RESULTS AND DISCUSSION

Surface Chemical Composition of Polyurethane Films

The representative XPS spectrum is shown in Figure 1 for polyester-
polyurethane film from PR-I resin cured by IPDI; the other resins cured
by IPDI have the similar XPS spectra. The binding energies of C,s are
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FIGURE 1 XPS survey scan of the polyurethane film from PR-I cured by IPDI.

around (283-292¢V). The carbon peaks could be deconvoluted by curve
fitting into three C,; profiles as shown in Figure 2, with single core levels
with assignments of 284.9¢V as aliphatic carbon or aromatic carbon
(C-C, C-H), 286.6eV as carbon bearing a single oxygen (C-O), and
289.3 eV as carboxylic carbon or urethane carbon (O-C=0, HN-C=0).
The binding energies of O;s and Ny are around (534-540.0eV) and
402.0eV, respectively, corresponding to m-bonded oxygen (O=C),
o-bonded oxygen (O-C), and o-bonded nitrogen (N-C), respectively!'®.

The XPS data of polyester-polyurethane with the incident angles of
60° and 90° are summarized in Table II. Assuming only esterification
reaction occurred during the process of synthesizing high-solid polyester
polyol resins, and the addition reaction of hydroxy and isocyante pro-
gressed when cured, the theoretical compositions for high-solid polyester
polyol resins and the polyester-polyurethane films based on Table I and
weight ratio of 1/1 of polyester resin to polyisocyanate are calculated
in Table III. The comparison of Tables II and III illustrates that the
concentrations of C and N atoms at the top layer of the polyester-
polyurethane films are lower than their theoretical bulk composition
while the concentration of O atoms is higher than their theoretical bulk
composition, suggesting that the polyester-polyurethane films have a
different composition between top layer and bulk, as was found in previous
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FIGURE 2 The deconvoluted spectrum of C;g of the polyurethane film from
PR-I cured by IPDI.

papers®!). Since the theoretical composition of the polyester resins

based on Table I are ~72 and ~28 for C and O atoms, respectively, while
the theoretical composition of IPDI are 75.0%, 12.5%, and 12.5% for C,
O, and N, respectively, the data in Table III show that the top layer is
covered more by soft segments from the polyester resins, not the IPDI
segments as shown in the schematic formula of polyester-polyurethanes:

[ I (|:HS ﬁ
HO- (CH2)4—O—C—(CH2)6-C—O—CH3—?—CH2—O—C
CH

3

IPDI trimer [—OWWW O~ IPDI trimer —O0—(CH,);70—C=0

Clearly, the segregation of these soft segments from polyester resins in
the polyurethane films occurred. The principle driving force of this seg-
regation is considered to be the interfacial free energy gap between the
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TABLE II The XPS data for high-solid polyester resins cured by polyisocyanates

Samples and cure conditions C(atom %) O(atom %) N(atom %)

PR-I room temperature

60° 64.8 32.5 2.7

90° 67.2 28.2 4.6
PR-I 120°C

60° 67.9 29.1 3.0

90° 69.3 26.3 4.4
PR-II room temperature

60° 70.0 29.0 1.0

90° 70.1 27.2 2.7
PR-II 120°C

60° 70.7 27.1 2.2

90° 71.0 25.0 4.0
PR-III room temperature

60° 67.2 29.8 3.0

90° 67.7 28.0 4.3
PR-IIT 120°C

60° 69.1 27.7 3.2

90° 71.4 26.1 4.5
PR-IV room temperature

60° 67.1 30.3 2.6

90° 68.6 27.3 4.1
PR-1V 120°C

60° 69.6 27.2 3.2

90° 70.3 25.0 4.7

initial and the final state. Generally, the surfaces of samples of the block
copolymers themselves, as well as mixtures containing them, are sub-
stantially enriched in the component of lower surface energy, as described
for other block copolymers or blends, such as PS-PEO and PEO-PPO
copolymers!”! and PS-PDMS copolymer?”. Using the surface free ener-
gies of poly(tetramethylene oxide) segments and 4,4’-diphenylmethane
diisocyanate segments, which are analogous to our soft segments and
IPDI segments in structure, respectively, having surface free energies of
~32dyn/cm and ~49 dyn/cm, respectively®!), the soft segments from the
polyester resins should have lower surface free energy than IPDI seg-
ments in polyurethanes. Thus, the soft segments from the polyester resins
tend to cover the top layer to maintain the minimum energy state while
the IPDI segments tend to retain in bulk because of their high surface free
energy and cyclic trimer structure. The concentration of O atoms
decreases and the concentration of N atoms increases with larger incident
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TABLE III The theoretical compositions for high-solid polyester resins and
polyurethane films

C(atom %) O(atom %) N(atom %)

PR-I resin cured by IPDI 73.1 21.7 5.2
PR-II resin cured by IPDI 73.1 21.7 5.2
PR-III resin cured by IPDI 73.3 21.5 5.2
PR-IV resin cured by IPDI 73.2 21.5 53
PR-I resin 71.7 28.3 -
PR-II resin 71.7 28.3 -
PR-III resin 72.0 28.0 —
PR-IV resin 71.9 28.1 -
IPDI 75.0 12.5 12.5
Neopentyl glycol 71.4 28.6 -
1,4-butanediol 66.7 33.3 -

angle (60° and 90°) as we go deeper into the top layer. These results
suggest that the soft segments of polyester resins tend to cover the top
surface and the IPDI segments tend to remain inside the bulk; the
composition of the top layer varies stepwise with depth profile.

The comparison of polyester resins cured by IPDI at room tempera-
ture with those cured at 120°C illustrates that curing at room temperature
causes much fewer C and N atoms and more O atoms at the top layer
than curing at 120°C, as shown in Table II. Recall that the excess diols
were always used for synthesizing high-solid polyester resins in our
experiments. This means that some residual diols or their derivatives
from these diols also exist in these polyester resins. When cured at 120°C,
these residual diols plus polyester polyol resins are fully cross-linked with
polyisocyanate through the reaction of -OH and -NCO groups. But when
cured at room temperature, not every diol molecule causes a cross-linking
reaction with polyisocyanate; the free diols without being reacted with
polyisocyanate move toward the top layer. Since the C atomic numbers
are lower and O atomic numbers of the residual diols are higher than for
polyester resins and IPDI, especially for 1,4-butanediol as indicated in
Table III, this movement of the residual diols toward the surface results
in lower concentration of C and N atoms and higher O atom con-
centration than resin cured at 120°C. The change in mole ratios of
hydroxyl to carboxylic and anhydride groups during the synthesis does
not cause distinct variation in surface composition in our experimental
range. Extending esterification reaction and raising reaction temperature
lead to a polyester with higher molecular weight and lower residual diol
monomer concentration based on step polymerization mechanism,
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causing higher C atomic concentration and lower O atomic concentra-
tion, as seen in Table II comparing PR-II and PR-I.

AFM Analysis of Polymer Films

The AFM topographic images of some high-solid polyester resins
cured by IPDI at room temperature and 120°C and of high-solid acrylic
resins with different hydroxyl values cured by IPDI at room temperature
are presented in Figures 3 through 6. AFM offers the advantages of high
resolution, especially in the vertical direction, which is difficult to obtain
with conventional electron microscopy, along with relative ease of sample
preparation. When cured at room temperature, the polyurethane film
from PR-I and IPDI has a rough surface composed of numerous grains or
aggregates (Figure 3a). The surface roughness R, (average vertical
deviation about the mean plane) is 0.275, obtained by averaging mea-
surements for several images of polyurethane film made of PR-I resin and
IPDI. Another common surface roughness parameter, the root mean
square (rms) is 0.347 as indicated in Table IV. The lateral size (x, y) of the
grains or aggregates is 40—150 nm, and the maximum peak height Z,,. is
~3nm. When cured at 120°C, the polymer film has a relatively smooth
surface composed of numerous small grains (Figure 3b). The mean
roughness and the root mean square of the surface are 0.184 and 0.232,
respectively. The lateral size (x, y) of the grains is 30-90nm, and the
maximum peak height Z,,., is ~1.7 nm.

The polyurethane films from the PR-II resin cured by IPDI show only
a few polymer aggregates on the surface with a scan area of 2 x 2 um that
are relatively smooth for both film cured at room temperature and film
cured at 120°C as seen in Figure 4a and 4b, respectively. The surface
roughness parameters are listed in Table IV. Recall that the PR-II resin
was obtained by esterification at higher reaction temperature
(200°C-210°C) and much longer reaction time (6h) than PR-I resin,
although both had the same monomers recipes. In other words, PR-II
resins have properties much closer to those of the traditional low-solid
polyester resin, e.g., high molecular weight and low functionality content.
Thus, we can say that high-solid resins show more grains or aggregates
on their surfaces than low-solid resins, or that these grains or aggregates
are related to the molecules with low molecular weight!'®),

The topographic images of polyurethane films from PR-III cured by
IPDI further support this point. The polyurethane film from PR-III cured
by IPDI has a rough surface consisting of some aggregates when cured at
room temperature (Figure 5a); the R, and rms are 0.187 and 0.233,
respectively. The lateral size (X, y) of the aggregates is ~50-450 nm, and
the maximum peak height is ~1.4nm. When cured at 120°C, the poly-
urethane film has a similar rough surface consisting of aggregates, but



16:21 21 January 2011

Downl oaded At:

XPS and AFM of Polyurethane Resins 93

(b)

FIGURE 3 AFM topographic images of the polyurethane film from PR-I cured
by IPDI. (a) At room temperature; (b) 120°C.

some packed grains can be observed (Figure 5b). The R, and rms are 0.199
and 0.254, respectively. The lateral size (x, y) of the aggregates is ~50—
400 nm, and the maximum peak height is ~1.8 nm. Comparison of the
AFM topographic images between the polymer films from PR-I cured
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25-

(b)

FIGURE 4 AFM topographic images of the polyurethane film from PR-II cured
by IPDI. (a) At room temperature; (b) 120°C.

with IPDI and PR-III cured with IPDI is very interesting: The polymer
films from PR-I and IPDI usually contain a lot of grains while those from
PR-III cured with IPDI usually contain some aggregates. Recall that the
mole ratios of hydroxyl to carboxylic and anhydride groups are 1.4/1 for
PR-I resin and 1.22/1 for PR-III resin, respectively. The different surface
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(b)

FIGURE 5 AFM topographic images of the polyurethane film from PR-III cured
by IPDI. (a) At room temperature; (b) 120°C.

structures suggest that the more the diols, the lower the molecular weight,
resulting in more grains on the surface.

Further, we synthesized two high-solid acrylic polyol resins—Acrylic I
and Acrylic I1, with hydroxyl values of 70 and 110, respectively—and cured
these two acrylic polyol resins using IPDI at room temperature based on a
weight ratio of 1/1 and observed their AFM topographicimages as shown in
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(b)

FIGURE 6 AFM topographic images of the polyurethane film from acrylic resins
cured by IPDI at room temperature. (a) Acrylic I; (b) Acrylic II.

Figure 6. The polymer film from Acrylic I cured by IPDI has larger
aggregates on the surface (Figure 6a) than the film from Acrylic I cured by
IPDI (Figure 6b). The R, and rms of the polymer film from Acrylic I cured
by IPDI are 0.177 and 0.223, respectively; the aggregate has a size of ~50—
450 nm, and the maximum peak height is ~1.2nm. The R, and rms of
the polymer film from Acrylic II cured by IPDI are 0.171 and 0.212,
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TABLE IV Mean roughness and root mean square of polymer films

PR-I cured PR-II cured PR-III cured  AcrylicI  Acrylic 11

by IPDI by IPDI by IPDI 70 110

RT* 120°C RT 120°C RT  120°C RT RT

R, 0275 0.184 0841 1.61 0187 0.199  0.177 0.171
rms 0347 0232 137 241 0233 0254 0223 0.212

“Room temperature.

respectively; the aggregate has a size of ~50-410nm, and the maximum
peak heightis ~1.2 nm. Again, the low molecular weight, high-solid resins
cause the surfaces with numerous aggregates or grains compared with high-
molecular-weight, low-solid resins. Meanwhile, the surface structure of
high-solid acrylic resins cured by IPDI is considerably different from that of
high-solid polyester resins cured by IPDI. For high-solid acrylic resins
cured by IPDI, there is a distinct separation between aggregates, but for
high-solid polyester resins cured by IPDI, the grains or aggregates are not
obviously separated from each other.

CONCLUSION

High-solid polyester resins and acrylic resins were synthesized and
cured by IPDI, and then characterized by XPS and AFM. XPS analysis
shows that the composition of the top layers of these polymer films are
different than their bulk composition: The top layers are dominated by
soft segments of the resins, and the IPDI segments tend to remain inside
the bulk. The polyester resins cured by IPDI at room temperature show
lower concentration of C and N atoms and higher O atomic concentration
than the same polyester resins cured by IPDI at 120°C, indicating that the
former have more soft segments than the latter because of residual diol
monomers and their derivatives. The change in mole ratios of hydroxyl
groups to carboxylic and anhydride groups during synthesis does not
cause distinct variation in surface composition in our experimental range.

AFM topographic images demonstrate that high-solid resins cured by
IPDI cause numerous grains or aggregates to appear on the surface, while
low-solid resins cured by IPDI produce surfaces with only a few aggre-
gates. Curing conditions, such as room temperature or 120°C, do not
cause a distinct difference in topographic image. With higher hydroxyl
content of the resins, the lower the molecular weight, resulting in more
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grains on the surface. High-solid acrylic polyol resins cured by IPDI
cause separated aggregates or grains on the surfaces while high-solid
polyester polyol resins cured by IPDI do not produce distinct separated
grains on the surfaces.
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