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Table 3.3 The solid content and the silane content of synthesized UV-curable polyurethanes

Sample name Solid content Silane content

Al4 63.16% /

AlS 68.20% /

Al6 63.33% /

S14 69.70% 6.33%
S15 65.70% 6.87%
S16 66.65% 8.07%
AS14 66.14% 3.10%
AS15 67.88% 3.74%
AS16 66.55% 4.15%

3.2 FTIR Spectrum Investigations

FTIR spectroscopy was used to characterize the oligomers prepared for the study.
Al4, S14, and AS14 were chosen as the representative samples from each series and will be
discussed in section 3.2.1. The FTIR spectra of the other six samples will be displayed in
section 3.2.2.
3.2.1 FTIR spectrum of A14, S14, and AS14

Figure 3.2 displays the IR spectrums of A14 and its raw materials. The peaks in
Figure 3.2 (a) located at 3488 cm™, 1107 cm™!, and 2872-2974 cm™! ascribe to the -OH

stretching vibration, the ether (C-O-C) stretching vibration, and the C-H stretching vibration
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Figure 3.2 IR spectrum of (a) PPG-1000, (b) IPDI, (c) HEA, and (d) A14.

The IR spectrum of S14 and the raw materials are displayed in Figure 3.3. Figure 3.3

(c) shows the IR spectrum of AMMO. The absorption peak at 3360 cm™ and 3297 cm™! are

asymmetric and symmetric stretching vibration of N-H. The absorption peak at 2940 cm’!

points to the C-H stretching vibration. The absorption peaks at 1080 cm™ and 817 cm™ both

indicate Si-OCHj3; groups. Figure 3.3 (d) illustrates the IR spectrum of S14, in which the

appearance of -NH-CO- stretching and deforming vibration peak at 1717cm™ and 1532 cm’!
indicates the formation of urethane. The absorption peak at 1106 cm™! is the overlapped peak
of C-O-C and Si-OCHs. The peak at 821 cm™! is assigned to the incorporation of Si-OCHs.
There’s no absorption around 3488 cm™ or 2260 cm™ which indicates that practically all -OH

and -NCO have reacted. The band at 3341 cm™ is the stretching vibration of N-H. The C-H

stretching vibration has the absorption at 2872-2971 cm™'. The peak at 1485 cm™! is the
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stretching vibration absorption of N-C.
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Figure 3.3 IR spectrum of (a) PPG-1000, (b) IPDI, (c) AMMO, and (d) S14.

Figure 3.4 (e) displays the IR spectrum of AS14, in which the appearance of the peaks
at 1719 ecm™ and 1530 cm™! proves the formation of urethane groups. The peak at 1108 cm’!
is associated with the C-O-C and Si-OCHj3. The peak at 823 cm™ is associated with the
acrylates and —~SiOCHj3. The peak at 1406 cm’! is the absorption of acrylate groups. There’s
no absorption around 3488 cm™! or 2260 cm™!, which indicates that practically all -OH and -
NCO have reacted. The band at 2871-2971 cm'! is the C-H stretching peak. The peak at 1485

cm’! is the stretching vibration absorption of N-C.
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Figure 3.4 IR spectrum of (a) PPG-1000, (b) IPDI, (c)HEA, (d) AMMO, and (e) AS14.

3.2.2 FTIR spectrums of Series A, S, and AS

Figure 3.5, Figure 3.6, and Figure 3.7 display the IR spectrum of the samples of Series A,
Series S and Series AS, respectively. In each figure, the IR spectrums are similar, which is
because they all have the similar chemical make-up and only differ in molecular weights. All
samples in Series A (Figure 3.5) displayed absorption peaks at 3337 cm™!, 2871-2971 cm™,
1721 em™, 1530 cm!, 1458 cm™, and 1108 cm™!, which can be ascribed to N-H stretching, C-
H stretching, -NH-CO- stretching, -NH-CO- deforming, N-C stretching, and C-O-C
stretching, respectively. The absorption peaks at 1637 cm™, 1407 cm™, and 810 cm™ are the
typical acrylate groups of Series A. Series S (Figure 3.6) and Series AS (Figure 3.7) also
display the N-H, C-H, -NH-CO-, N-C and C-O-C absorption peaks. Different functional

group types give the characteristic peaks. Series S showed its specific absorption peaks at
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820 cm™!, which indicates the existence of silanes (-Si-OCH3). Series AS showed, as
expected, both acrylate absorption and silane absorption peaks at 1406 cm™ and 822 cm’.
The intensity of the peak at 1637 cm™ and 1406 cm™, both associated with acrylate groups, is
much lower due to the low concentration of the acrylate groups in Series AS. The band at 820
cm’! is an overlapped peak derived from the acrylates at 810 cm™' and the silanes at 817 cm™.
The characteristic peaks due to different functional groups can also be seen in the IR
spectrum charts that are grouped by molecular weight, which are in the Appendix (Figure

A.1, Figure A.2, and Figure A.3).
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Figure 3.5 IR spectrum of Series A, in which (a) is A14, (b) is A15, and (c) is A16.
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Figure 3.9 Pencil hardness of (a) Series14, (b) Series 15, (c) Series 16, and (d) Pencil
hardness code.

MEK double rubs is a measure of resistance to diffusion of MEK in a cured coating,
under standard conditions. MEK rub results provide a qualitative measure of crosslink
density of a film. In Figure 3.10 (a), S14 exhibited 20 rubbing numbers on the first day and

25 times on the seventh day, while AS14 exhibited 18 and 15 on the first day and the seventh
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Figure 3.10 MEK double rub numbers of (a) Series14, (b) Series 15, and (c) Series 16.

Figure 3.11 demonstrates the adhesion of each family with the same backbone
molecular weight. A14, A15, and A16 all displayed the lowest 0B adhesion. Series A is the
polyurethane that was only capped with the acrylates and cured by the free-radical UV-curing

mechanism. The fast curing nature of the free-radical mechanism gives strong shrinkage in
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3.4 Curing Behaviors
3.4.1 Curing behavior studies by FTIR spectrum
Since the nature of the sol-gel curing by moisture is slow, the samples were tested on
the first day, third day, and seventh day after flashed with UV to monitor the curing behavior.
It is illustrated in Figure 3.25 (and Figure A.4 and Figure A.5 in the Appendix) that
the absorption peak at 1638 cm™, 1406 cm™!, and 811 cm™ of A14, A15, and A16 disappeared
almost completely after curing, which indicates that almost all the acrylates groups

underwent the free-radical reaction and were cross-linked.
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Figure 3.25 IR spectrum of A14 before and after curing. (a) A14 before curing and (b) A14
after curing.

In Figure 3.26 (and Figure A.6 and Figure A.7 in the Appendix), the peak broadens at
1108 cm™! in the IR spectrum of S14, S15, and S16 on the first day, third day, and seventh

day after UV irradiation. This ascribes to the changing of silanes (Si-O-CH3) to siloxane (Si-
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and sol-gel reactions of silanes.
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3.4.2 Curing behavior studies by the peak-area ratio
In this section, the peak-area ratio measured on the FTIR spectrum and the reaction
extent of the acrylates and silanes calculated based on peak-area ratio will be discussed.
Table 3.4 shows the reaction extent of Series A after curing by the UV. There was no
absorption band located at 1411 cm™ and 812 cm™!, so the reaction extent was all 100%. The
results indicate that all the acrylates have been fully converted with Irgacure 369 under the

trigger of the UV.
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Table 3.4 The acrylate (C=C) reaction extent of Series A

Sample name Reaction extent
Al4 100.00%
AlS 100.00%
Al6 100.00%

Table 3.5 displays the reaction extent of the silane groups after passing by UV with
the curing time. S14 showed 79.33% conversion of the silanes on the first day and got
89.74% finally on the seventh day. S15 got 72.63% on the first day and reached 90.20% on
the seventh day. The first-day reaction extent of the silane for S16 was 79.96% and reached
88.49% on the seventh day. The reaction extent increased during the 7 days because the sol-
gel reaction was happening continuously. With the existence of the UV-initiated strong base,
-Si-OCHj3 absorbed moisture and hydrolyzed into -Si-OH then the -Si-OH groups condensed
with each other or with -Si-OCH3 to form the networks. The process of absorbing water
happens gradually so that the reaction extent increased gradually in the 7 days. Moreover, the
reaction extent of S14 increased by 79.33% on the first day but only increased 10.41% from
the 2" day to the seventh day. The reaction extent of S15 increased 72.63% on the first day
but only increased 17.66% from the 2" day to the seventh day. Likewise, the reaction of S16
completed 79.96% on the first day and the reaction extent only increased 8.53% in the next 6

days. This indicates that the reaction was very fast in the first day after the UV irradiation.
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Most of the cross-linking reaction of silanes was finished in one day under 50% + 5%
humidity. This explained the results in the coating performance testing that the pendulum
hardness, pencil hardness, adhesion and impact resistance of the Series S reached stability in
the first day because most of the sol-gel curing reaction was completed in the first day. The
changing of the contact angle during the 7 days is due to the slow sol-gel reaction which
happened in the following 6 days. The reaction extent of S16, S15, and S14 on the seventh
day was very close, although they have different chain lengths and silane content. So for the
thin applied Series S FTIR samples, the silane reaction extent will not be affected by the

chain length.

Table 3.5 The silane (-SiOCH3) reaction extent of Series S with curing time

Reaction extent with curing time

Sample name 1* day 34 day 7" day
S14 79.33% 77.91% 89.74%
S15 72.63% 88.65% 90.29%
S16 79.96% 85.28% 88.49%

For the Series AS, both acrylate groups and silane groups participated in the curing
process. The curing extent of them is listed in Table 3.6 and Table 3.7. In Table 3.6, it showed
that all the acrylate groups were converted by 100% since there was no acrylate residual peak
at 1406 cm™! after UV irradiation. So the acrylates were fully cured under the trigger of UV,

and the curing extent was not affected by the addition of the silane groups. The curing extent
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of —SiOCHj3 was measured at 823 cm’!, and the results are listed in Table 3.7. The results can
be fully counted as the curing extent of —-SiOCH3, although at 823 cm™ —SiOCH3 is
overlapped with the acrylate groups because the conversion of the acrylates were all 100%.
With the increase of the curing time, the silane curing extent of AS14 was generally stable.
For AS15, the silane curing extent on the first day after UV irradiation was 36.67%, and it
was increased to 42.33% on the seventh day. For AS16, the silane curing extent increased
from 49.33% of the first day to 66.93% of the seventh day. A tendency can be found that the
silane curing extent on the seventh day increases with the decrease of chain length from
AS14 to AS16, and AS14 completed the curing process faster than the others, but its curing
extent was low. That may be because the silane content of the samples having shorter chains
is higher so that there’s more chance for the hydrolyzed silanes to meet another hydrolyzed
silanes and condense. For AS14, the silane content was low and the formed networks prevent

the touching of the silanes.

Table 3.6 The acrylate (C=C) reaction extent of Series AS with the curing time

Reaction extent with curing time

Sample name 1* day 3" day 7" day
AS14 100% 100% 100%
AS15 100% 100% 100%
AS16 100% 100% 100%
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Table 3.7 The silane (-SiOCH3) reaction extent of Series AS with curing time

Reaction extent with curing time

Sample name 1% day 3" day 7% day
AS14 54.24% 52.32% 53.75%
AS15 36.67% 44.88% 42.33%
AS16 49.33% 52.27% 66.93%

Comparing the silane curing extent of Series S and Series AS with the same backbone
length and the same curing time (Figure 3.28), S14, S15, and S16 showed a higher
conversion extent than AS14, AS15, and AS16. This could be assigned to the blocking of the
acrylate crosslink networks. The acrylate networks formed immediately under UV irradiation
will decrease the mobility of the silanes, and the network may also prevent the films from

absorbing water.

The silane curing extent of Series S and AS
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Figure 3.28 The silane curing extent of Series S and Series AS.
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In conclusion, the conversion of the acrylates of Series A and Series AS reached
100%, followed by the conversion of the silanes in Series S which was around 90%. The
Series AS has the lowest silane conversion.
3.4.3 Curing behavior studies by weight loss

In this section, the curing behavior of the silane groups will be measured by the
weight loss of the sol-gel reaction. In the sol-gel curing, water was involved in the reaction
and then left the system as a part of CH30H. Figure 3.29 shows the balanced reaction
scheme, in which each -Si-OCH3 attended the reaction will lose 0.5 Oxygen and 1 CHs. The

theoretical weight loss was calculated and listed in Table 3.8.

(3]

Si—OCH,; + H,0 —» —Si—O0—Si— + 2CH;0H

Figure 3.29 The balanced scheme of the sol-gel reaction.
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Table 3.8 The theoretical weight loss from the sol-gel reactions

Sample name Theoretical weight loss
AS14 1.77%
AS15 2.13%
AS16 2.37%
S14 3.61%
S15 3.92%
S16 4.60%

The actual weight loss is listed in Table 3.9. The weight loss for all the samples was
increased in the 7 days after UV irradiation which proved the happening of the sol-gel
reaction. Figure 3.30 displays weight loss with the curing time. It could be seen that with the
same curing time, the weight loss of S16 was the highest weight loss followed by S15, S14,
AS16, and AS14, which is due to S16 having the highest silane content followed by S15,
S14, AS16, and AS14. The more silane one system contains, the more weight loss it will
have. AS14, AS16, and S16 had negative weight loss in the first few days. That’s because the

samples absorbed moisture in the air and caused the weight of the samples increased.
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Table 3.9 The actual weight loss from the sol-gel reactions

Weight loss with the curing time

1 day 2day 3day 4day Sday 6day 7day

AS14 -0.21%  -0.14% -0.03%  0.06%  0.13% 0.29% 0.32%

AS16 -0.09%  -0.01%  0.13% 0.26%  0.36% 0.54% 0.61%

S14 20.01%  050%  095%  126% 1.57%  1.76%  2.13%
S15 0.04%  0.67%  125%  1.61% 194%  2.12%  2.51%
S16 1.01%  1.84%  270%  336% 3.81%  4.18%  4.51%
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Figure 3.30 The actual weight loss with the curing time.

Table 3.10 illustrates the silane reaction extent calculated by the weight loss method.
The silane reaction extent of S16 increased from 21.99% on the first day to 97.90% on the
seventh day, and the other samples also had a strong increase in silane reaction extent, which

proved that the sol-gel reaction was happening continuously during the 7 days. S14, AS16,
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and AS14 had the minus silane reaction extent in the first few days. That accounts for the

water absorption that increased the weight of the samples.

Table 3.10 The silane curing extent with the curing time

Silane curing extent with the curing time

1 day 2day 3day 4day Sday 6day 7day

AS14  -11.78% -8.16%  -1.76%  3.52% 7.16% 16.19%  18.06%

AS16  -4.01% -0.50%  5.64% 10.94%  15.22%  22.78%  25.59%

S14 -0.29% 13.77%  26.29% 34.83% 43.51% 48.66% 59.16%

S15 1.13% 17.13%  31.78%  41.05% 49.64% 54.21% 64.07%

S16 21.99% 39.91%  58.64%  73.05% 82.89%  90.90%  97.90%

Comparing the samples in Series S and Series AS with the same PU backbone chain
length, in Figure 3.31, it can be found that with the same curing time, S14 had higher silane
curing extent than AS14, and S16 had higher silane curing extent than AS16. When the PU
backbone chain length is the same, the samples in Series S always have higher silane curing
extent than that in Series AS. This could be assigned to the fact that the reaction rate of Series
S is higher than Series AS. The rate of the sol-gel reaction is the function of the silane
content. The higher the functional group concentration, the higher reaction rate it will have.
The silane content by weight of S14 is 3.23% higher than AS14 and that of S16 is 3.92%
higher than AS16 (see Table 3.3). So, the reaction rate of S14 and S16 was higher than AS14

and AS16, and the silane reaction extent with the same curing time of S14 and S16 was
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higher than AS14 and AS16.
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Figure 3.31 The silane curing extent by weight loss method.

Figure 3.32 illustrates the silane curing extent of the seventh day of the samples. A
tendency can be seen that the silane curing extent of the seventh day increases from AS14,
AS16, S14, and S15 to S16. The silane content also follows the sequence AS14 <AS16 <
S14 < S15 < S16, so the silane curing extent increases with the increase of the silane content.
This could also be explained by the theory that the sol-gel reaction rate is the function of the
silane content. From AS14 to S16, the silane content was increased, so that the reaction rate

was faster. So, on the same day, S16 had more silane converted than the others.
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Figure 3.32 Silane curing extent of the seventh day.
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4 Conclusion
Overall, based on the results of the study, the following conclusions can be drawn:

(1)  Functional polyurethane oligomers have been successfully synthesized by suitably
incorporating acrylate and/or silane functional groups.

(2)  UV-curable coatings can be formulated with these oligomers that can produce
organic-inorganic hybrid polyurethane coating.

(3)  Incorporation of silane groups is found to significantly influence the increase in
hardness, MEK resistance, adhesion to the metal substrate, and hydrophobicity, but decrease
the toughness, as compared to acrylate groups.

(4)  The coating performance of the pendulum hardness, pencil hardness, adhesion,
impact resistance, and contact angle of Series AS can all reach stability in the first day after
UV irradiation under the environment of 50% =+ 5% humidity and 20 £2 °C temperature.
The coating performance of the pendulum hardness, pencil hardness, adhesion and impact
resistance of Series S can all reach stability in the first day after UV irradiation under the
environment of 50% + 5% humidity and 20 +2 °C temperature, but it took a longer time
for contact angle to reach stability.

(5)  For the UV-curable PU coating with the same functional groups, the lower the
molecular weight, the higher the hardness, the higher the MEK resistance, and the lower the
toughness it has. The PU backbone molecular weight does not affect pendulum hardness,
adhesion, and hydrophobicity.

(6)  The FTIR and peak-area ratio measurements showed that the acrylates in Series A
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and Series AS were all converted to almost 100% after the UV irradiation. Also, the
incorporation of silane was found not to affect the curing of the acrylates. The silane curing
extent in Series AS was lower than that in Series S, so the incorporation of the acrylates has
been found to decrease the conversion of the silanes.

(7)  The FTIR and peak-area ratio measurements also showed that the curing of the
silanes was very fast in the first day after UV irradiation under the environment of 50% +
5% humidity and 20 + 2 “C temperature, and most of the silane condensation reaction was
completed in the first day for both Series S and Series AS samples.

(8)  Compositions containing higher silane content showed higher % extent of

conversion when measured at a given cure time.
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Appendix: Other figures and tables
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Figure A.1 IR spectrum of Series 14, in which (a) is A14, (b) is S14, and (c) is AS14.
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Figure A.2 IR spectrum of Series 15, in which (a) is A15, (b) is S15, and (c) is AS15.
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Figure A.3 IR spectrum of Series 16, in which (a) is A16, (b) is S16, and (c) is AS16.

Table A.1 The pendulum hardness, pencil hardness, and MEK double rub of UV-curable
polyurethanes

Sample name Pendulum hardness | Pencil hardness MEK double rubs
(Number of (Number of
oscillations) times)

Istday | 7" day Istday | 7" day 1st day | 7™ day

Al4 26 28 F F 9 8

AlS 27 27 F F 8 7

Al6 26 26 H H 8 8

S14 39 37 3H 3H 20 25

S15 40 39 4H 4H 38 25
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Figure A.7 IR spectrum of S16 before and after curing. (a) S16 before curing. (b) S16 the

first day, (c) S16 the third day, (d) S16 the seventh day after UV irritation.



