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Novel Photoinitiator System for Simultaneous

Physical Drying and Free Radical Polymerization of

Water-Borne Dispersions with Near-Infrared
Excitation

(Dedicated to D.C. Neckers (1938-2022) and Y. Yagci (1952-2023) according to their

achievements in photopolymer science)
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Energy efficient processes in industry represent a key factor to realize a fast transition to
renewable energy sources. In the coatings industry, oven technologies applied for drying and
curing, mainly contribute to energy consumption. Substitution of these wasting technologies
by near infrared radiation (NIR) in combination with a NIR-absorber represents a promising
alternative to reduce the energy use. Here, combining of a NIR-LED with a heptamethine
cyanine operating as absorber can significantly accelerate the drying process of a water borne
coating as measured by Laser Speckle Imaging (LSI). The combination of cyanine and
bis(tert-butyl)iodonium salts as radical initiator results in an initiation system that efficiently
works in combination with a NIR-LED to dry the coating followed by crosslinking in the
same step. photo-DSC and FTIR measurements confirmed the results obtained. The use of a
water compatible photoinitiator system based on a cyanine with sulfonate groups and bis(tert-
butyl)iodonium lactate as water soluble coinitiator opened the possibility to eliminate the
cosolvent needed for film formation and to create a complete VOC free formulation.
Keywords: Water-borne Coatings, Near infrared, Drying, Curing, Cyanine, Iodonium

Salt

Nowadays, elimination of factors affecting
climate change requires to consider renewable
energy sources and their use in high-energy
consuming production lines. This demand would
be easier to achieve with a significant lower request
of energy by enabling energy-efficient processes. In
the coating industry, substitution of conventional
oven technologies for drying and curing with high
demand on energy address to enable energy saving
technologies; that is efficient radiation technologies
fitting into these goals. Although radiation curing
technologies have been already well established

Received March 31, 2023
Accepted May 6, 2023

[1-4], conventional oven processes have been still
widely used [5, 6]. Therefore, there exists a need to
develop alternatives to make the transition easier
feasible.

Cyanines may receive a certain operational part
to solve these issues. They are very efficient light
absorber molecules with an odd number of methine
groups [7-9]. For example, heptamethine based
cyanines exhibit strong absorbance. These
compounds usually possess very high extinction
coefficients; that is >10° M'cm!. An additional
vinyl group in the methine chain results in a
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bathochromic absorption shift of the absorption
maximum of about 100 nm known as the 100 nm
rule [9].

Exposure of the cyanine with a suitable light
source results in one-photon absorption (OP).
Excitation promotes the molecules ground state (So)
into the first excited state (S;). The latter can
radiatively deactivate by fluorescence (F) or non-
radiatively by internal conversion (IC). Here, a
higher vibrational level of the ground state couples
with the lowest vibrational level of the S; resulting
in formation of a very hot state assigned to the So.
Collision of this hot state with matrix molecules
results in transfer of the excessive energy to the
surrounding matrix. This released heat can operate
in physical processes such as melting of powders [5,
10-13]. On the other hand, vibrational relaxation
cannot be seen as the major non-radiative reaction
pathway because the very hot molecule would burn
during this stepwise deactivation procedure. Until
today, the description for generation of heat in such
processes has been poorly explained in literature.
Scheme 1 shows the proceeding processes. The
main deactivation in heptamethine cyanines
typically proceeds nonradiative with a yield of >
80% with respect to the absorbed energy [14-17].
Fluorescence occurs as minor event [4].
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Scheme 1. Simplified photophysical processes of the
electronic states of cyanines (redrawn from [18]).

Furthermore, the S; of the photoexcited cyanine
can react in an oxidative mechanism with an
acceptor if the free enthalpy of the photoinduced

electron transfer (PET) results in negative values.
The oxidation potential of the cyanine and the
reduction potential of the iodonium cation drive this
system in the right direction by excitation at 860 nm
[4]. The PET results in efficient bleaching of
cyanine with minor possibility of electron back
transfer. PET leads to reduction of the iodonium
cation. The respective Ar:le radical fast decomposes
in an iodine arene and the respective aryl radical.
The latter efficiently initiates radical polymerization.
This work mainly focused on radical
polymerization. Here we focus only on radical
polymerization because processing proceeded in
water.

As already described, heptamethine cyanines
efficiently absorb near-infrared radiation [4].
Deactivation mostly proceeds nonradiative while
collision with matrix molecules leads to a huge
temperature increase of the surrounding matrix. In
other words, excitation of these compounds with a
light source emitting a suitable emission
wavelength (diode Laser or light emitting diodes)
can lead to an increase of several hundred degrees
Celsius of the matrix in a short time frame
depending on heat capacity of the system, heat flow
conditions, irradiation intensity, concentration, and
thickness.

Accordingly, experiments  approved  the
possibility to use this heat generated for the drying
of aqueous coating dispersions. This was also
claimed in a recent patent application [19].
Nevertheless, observation of the physical drying
process applying photonic sources instead of ovens
does not appear as trivial. Water often interferes the
signal taken to analyze the process of lot. Thus, a
defined thickness needs to be established with a
sample has no coverage on top. Furthermore, high
spatial and temporal resolution can be seen as
additional parameters together with a defined
relative humidity of the surroundings. Thus, an
airflow needs to be realized complementing the
setup to get reliable data from those drying
experiments. Increasing temperature of the sample
should not significantly interfere the signal. In
addition, opaque/pigmented systems should not
show major issues during the measurement.
Nevertheless, thickness appears as an additional
important parameter because it may affect diffusion
of volatile components such as water/solvent while
penetration of absorbed light into the film depicts a
further point controlled by the absorption of the
cyanine by Lambert-Beer’s Law.

These criteria represent big obstacles for methods
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such as real-time infrared spectroscopy (RT-FTIR),
rheology measurements, magnetic resonance
imaging (MRI), optical microscopy or classical
gravimetric techniques.

Laser Speckle Imaging (LSI) represents a suitable
technique meeting all these criteria. It was
introduced in the early 1980’s to map the retinal
blood flow as studied by multiple scattering photons
[20]. In this work, LSI was applied to collect
scattered light of pigment particles (TiO,) added to
study temporal and spatial changes proceeding upon
exposure with a coherent emitting 532 nm laser.
This source generates a speckle image resulting in a
2D interference pattern. The information
available from such experiments where speckle
images were generated (see SI for an example)
relate to the instantaneous position of the pigment
particles [20]. The scattered light and its
propagation in the sample possesses a significant
higher speed compared to the particle movement.
This movement completely proceeds randomized
after a small number of scattering events. The
information provided by the speckle image relates
therefore to the instantaneous position of the
pigment  particles. Consequently, spatial
comparison of the speckle intensities within the
image of another speckle intensity after a certain
delay or lag time, namely 7, results in an intensity
fluctuation available from the measurement. As a
result, this quantity gives information about the
dynamics and mobility of pigment particles within
the coating over experimental time ¢. Equation 1
shows the relation between these parameters

helping to understand the complex spatial dynamics.

It appropriately fits the obtained data to an
exponential decay function g (z, 7):

g1(t D) = exp (—y[t/1o()]*®) (1)

The value y relates to an experimental numerical
constant which was defined elsewhere [21]. The
most important parameters are the characteristic
relaxation time 7o(¢) to define the drying process.
This can be seen as a quantity related to the viscosity
of the drying coating solution on the substrate.
Furthermore, the stretching/compressing exponent
a(t) represents as a value for the type of motion of
the particles. Here, o < 0.5 indicates sub-diffusive
dynamics while values of a = 0.5 relate to
Brownian/diffusive ~ dynamics. Values of «
appearing above this number are caused by super-
diffusive processes approaching ballistic motion.

Three different samples were analyzed during the
drying; that is the neat coating, the coating
comprising cyanine S-2, and the coating comprising
the cyanine S-2 processed with near-infrared

irradiation (NIR). The sample comprising S-2 and
with no processing of NIR radiation was brought to
the experiment to evaluate if the laser of the LSI
affects somehow the measurement of the sample.
This is relevant because the cyanines possess
notable absorption in the visible region although it
is lower compared to the absorption in NIR.
Nevertheless, most cyanines possess a minimum of
absorption at the emission wavelength of the Laser
(532 nm). In the case of cyanine S-2, the extinction
coefficient at 532 nm was 2500 M'xcm™ in water
which is around 17 times lower compared to the
absorption maximum at 795 nm (43080 M'xcm™).
This ratio can be larger for other cyanines. Thus, the
laser intensity was kept as low as possible. Here, the
laser operated with 25 mW to keep excitation of S-
2 as low as possible by the green laser.

o L 1 H N /[j
8! /;% RO wee ﬁ
e u L
I?LVU / ﬁ/j/ L.,L_;_,, N,

S-1 S-2

Nevertheless, the measurement denoted a small
impact of the laser resulting in a shift of 7o(f) to
about 84 s while a(f) had an offset of 87 s (see blue
and black data points Fig. 1). The first kink at t; in
the 7o(¢) refers to the concentration. It relates
therefore close to the packing of the scattering
particles resulting in a constant mobility. As
expected, a faster drying could be observed in the
sample with 0.2 wt% S-2 applying NIR radiation as
shown by the red data points in Fig. 1. The first kink
t; appeared at 287 s significant earlier compared to
a value of 1329 s of the same sample without NIR
radiation (®). This confirmed faster drying of at
least 1042 s of the coating comprising absorber S-2
after processing with NIR radiation. Interestingly,
there was a small decrease of 7o(¢) to about 35 s in
the sample dried with NIR (®), which did not
proceed in the other samples. Possibly, this indicates
a decrease in viscosity because of a rapid heating on
a molecular level caused by absorption of NIR
radiation during exposure. After a small decrease at
the beginning, a rapid increase of viscosity was
observed resulting in a value of 287 s where 7o(?)
starts to decrease again. This rapid increase related
to water evaporation. It referred to the close packing
followed by the deformation of the binder particles
due to the capillary pressure [22]. In the capillaries
formed, the TiO» particles were likely to be drawn
downward toward the substrate as drying continues.
This led to a temporary increase in mobility. Also,
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the value of a(f) increased, whereas the motion of
the particles became more and more advective.
Interestingly, there was a bigger time lag in the kink
of 79(¢) and a(?) in the radiation dried sample (®)
which could indicate a skin formation on the surface
due to the fast drying/strong absorption. Such events
would be undesired. Nevertheless, also the kink of
the a(t) value of the radiation dried sample (®)
occurred already at 801 s compared to a value of
1248 s for the same sample without irradiation (@),
which would still enhance the drying about 447 s /
7:27 min. In general, the increased temperature
promotes film formation by increasing the mobility
of the particles [22].

Physical dried coatings often exhibit a poor
resistance against chemical or mechanical impacts.
Therefore, chemical crosslinking with NIR
radiation appeared as a further challenge of this type
of water-borne coating. Conventional coatings of
this type normally were dried in energy consuming
convection ovens followed by consecutive curing
UV-radiation in a two-step process [19]. Here we
propose a process with NIR of physical drying and
curing in just one step. This would substitute the
energy consuming drying process as well as

hazardous UV-radiation.

Here the heptamethine cyanines operate as a
sensitizer to reduce iodonium salts resulting in
formation of free radicals to initiate free radical
polymerization (FRP)[15, 16]. In the first step, an
already known photoinitator system used for 100%
systems [15,16] was modified to obtain initiating
components facilitating their use in a water-borne
coating. Butyldiglycol was added as cosolvent.
The initiator system contains the cyanine S-1 and an
iodonium salt with different counter ions such as
nitrate (NO3), a perfluorinated aluminate (ALU),
tetraphenylborate (BPh4), hexafluoro-phosphate
(PF6), Bis(trifluoromethanesulfonyl)-imide (NTf2)
and lactate (LAC). Bis-(4-methyl-phenyl)-
iodonium was only used as cation for the nitrate
counter anion (Table 1). The remaining experiments
used bis(tert-butyl)iodonium salts. The use of the
cosolvent was necessary to solve the cyanine S-1
and most of the iodonium salts.

The reactivity of the formulations was
determined from the peak in the exothermic signal
of the photo-DSC (Fig. 2). Surprisingly the
iodonium salt with the lactate anion appeared as the
most reactive coinitiator. This was counter intuitive

10
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Fig. 1. Physical drying observed by Laser Speckle Imaging (LSI). 7o: relates to viscosity, a: type of motion of the
particles a < 0.5 indicate sub-diffusive dynamics, o = 0.5 indicate Brownian motion, o = 1 indicate ballistic motion)
— kink in either 7o or a marks phase transition - (®) 0.2 wt% S-3/with NIR (Amax=820 nm, £ = 200 mW/cm?), (®) (.2

wt% S-2/no NIR (@) pure Coating/no NIR
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because this anion did not perform well in 100%
systems with a less polar matrix [16]. Additionally,
it opens the possibility of eliminating the co-solvent,
as the iodonium salt with lactate has good
compatibility with aqueous solutions. This leads to
formulation with less VOC. The iodonium nitrate
was not analyzed more in detail because ion
exchange processes as well as precipitation was
expected to interfere the experiment. Therefore, the
focus was put on the iodonium lactate. Furthermore,
the cyanine requests also a sufficient water
solubility to improve the compatibility in the system
processed. This can be achieved by introduction of
sulfonate groups in the side chain or at the indolium
rings. Consequently, the cyanine S-1 was
substituted resulting in S-2. This reduced the
reactivity of the system (Fig. 3), which can be
explained by the lower extinction coefficient of S-2
in butyldiglycol (45788 Mlcm™ at Amax= 799 nm).
For comparison, S-1 exhibited a significant larger
extinction coefficient in organic surrounding
(198480 L-cm'mol! at Amex = 794 nm).
Consequently, S-2 absorbs less radiation/energy
compared to S-1 based on the same molar amount
explaining the lower reactivity. Replacement of the
remaining cosolvent butyldiglycol by water led to a
small decrease of the reactivity.

Table 1. Structures of the nitrate, aluminate and
tetraphenylborate iodonium salts.

Cation Anion

ool ow

! CF, 0 Ch
ALU L RC-C-0-A-0-C T3
cF; O CF;

F:C-C-CF;

L. =
BPh4 >f© @ O

Name

NO3

In summary, we report the successful drying and
simultaneous curing of a waterborne coating with
near infrared (NIR) and a photoinitiator system
based on a heptamethine cyanine (S-2) and
iodonium lactate (IS-LAC) being dynamically
measured using Laser Speckle Imaging. With this
approach the physical drying can be accelerated,
and high double bond conversion are achievable.

6 — l T
— 5 T I
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> L l
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BPh4 PF6 ALU LAC NTf2 NO3
Fig. 2. Max reactivity of different Ionium-Salts in

combination with S-1 measured by photo-DSC with NIR
radiation (Amax = 820 nm, £ = 200 mW/cm?) - the error
bars show the standard deviation (n = 2).
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.
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Fig. 3. Max reactivity of different photoinitiator system

in combination with and without the cosolvent
butyldiglycol (BDG) measured by photo-DSC with NIR
radiation (Amax = 820 nm, £ = 200 mW/cm?) - the error
bars show the standard deviation (n = 2)

Experimental Section

More details about the materials used, the coating
formulation as well as the measurement setups can
be found in the supporting information.
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Polymerization of Water-Borne Dispersions
with Near-Infrared Excitation
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Coating Formulation:

The coating for LSI and for the curing measurements were prepared according to the following Table
and homogenized by a SpeedMixer from Hauschild. The curable polyurethane acrylate dispersion was
provided as Lux 260 by Alberdingk & Boley, The TiO,-Dispersion was provided as K-9900 by Kronos,
the thickener Rheobyk-425, the defoamer BYK-025 and the wetting additive Rheo-BYK-UV3530 were
provided by BYK-Chemie GmbH. The cyanine S-1 and S-2 were provided as S2265 and S2283 from
FEW Chemicals. Two of the Bis(4-tert-butylphenyl)iodonium salts were purchased as S2617
(aluminate) from FEW Chemicals and as B2380 (hexafluorophosphate) from TCI Chemicals. The other
(lactate, ntf2, tetraphenylborate) as well as the Bis(methylphenyl)iodoniumnitrat were prepared in our
lab according to T. Bromme, Untersuchungen zur NIR-sensibilisierten radikalischen
Photopolymerisation in multifunktionellen Monomeren, 2016, University Duisburg-Essen, PhD
Dissertation.

Type Amount [%]
curable Polyurethanacrylate 58

TiO, dispersion (50%ig) 19

Water 19
Rheology Additive 1

Defoamer 1

Wetting Additive 1

Cyanine X

lodonium Salt y

100%

Drying Time - LSI

The prepared coatings were coated with a four-way film applicator from Erichsen with 180 pm on glass
plates. The sample was irradiated with a NIR-LED from Phoseon Technology with an emission
maximum of 820 nm and approx. 200 mW/cm? in the LSI setup. The sample chamber was closed and
flushed with nitrogen and held constant at approx. 45% relative humidity. The laser of the laser had an
emission at 572 nm with 500 mW. We reduced the intensity to 25 mW through a transmission of only
5%. The LED light was filtered out by a Band Pass color filter (FGB37S). The field of view (FOV) was
set to 150 x 150 with 500 fps.
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Conversion - ATR FTIR

The prepared coatings were coated with with a four-way film applicator from Erichsen with 180 pm on
microscope slides from VWR and put into an inert-box from Addix. The chamber was then flushed with
nitrogen and the samples were irradiated with the NIR-LED (820 nm and approx. 1 W/cm?). After 1, 2,
5, 10 and 20 min samples were measured by ATR-FTIR (Vertex 80 by Bruker) and the conversion was
calculated by the depletion of the C=C signal with respect to the C=O signal as internal reference
(Equation 1).

AbSC=C, cured ’ AbSC=0, dried

conversion [%] = (1 — )+ 100 (1)

AbSC=0, cured 'AbSC=C, dried

Reactivity Measurement - Photo-DSC:

For the reactivity measurements with the photo-DSC the sampled were prepared only with the curable
polyurethane acrylate dispersion provided as Lux 260 by Alberdingk & Boley as and water. The photo-
DSC is based on the Q2000 DSC by TA Instruments with a self-made shutter system and a light fiber
connection for incorporating the LED light. The NIR-LED from Phoseon Technology with an emission
maximum of 820 nm were used with an irradiance of approx. 200 mW/cm?. All samples were heat to
60°C for 15 min to evaporate the water. After that the sample is kept on 30°C and irradiated for 15 min.
The used dry sample mass was between 2-3 mg for each measurement.

Type Amount [%]
curable Polyurethanacrylate 36.2
Water 63.8
Cyanine X
Iodonium Salt y

100%

Extinction coefficient - UV-VIS:

To obtain the extinction coefficient for every cyanine and solvent four different concentrated solutions
are prepared and measured with the UV-3600 i Plus spectrometer from Shimadzu. The extinction is then
plotted against the concentration and fitted with a linear regression. From the slope the extinction
coefficient can be obtained.
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Physical and Chemical Drying of Coatings with
NIR Absorbers to Replace Oven Technologies
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Functionalized polymethine-based NIR absorbers with extinction coefficients of several
10° M'em! can replace older energy-wasting oven techniques by integration of photonic
sources such as high-power NIR-LEDs or NIR lasers with line-shaped focus emitting
between 700-1100 nm. The combination of these materials with NIR sources facilitates film
formation on a glass substrate. During photonic drying, it can reach a temperature comparable
to baking conditions. Compared to oven drying, the heat can be generated in the coating on
DEMAND by switching the light source ON and OFF. The results of the DSC measurements
showed that photonic drying results in similar glass transition temperatures and, in most cases,
exhibits almost no post-polymerization indicating almost completed polymer formation.
Photonic drying of coating systems offers many advantages, including energy savings of over
90% compared to oven technologies, cost savings, and waste reduction. It complements
nowadays disclosed field of light-induced polymer formation.

Keywords: Photonic drying, Near-infrared, Absorber, Polymethine, Cyanine, LED,

laser

1. Introduction

NIR absorbers based on functionalized
polymethines possess the potential to replace older
oven techniques by a photonic source namely a
high-power NIR-LED or NIR-Lasers with line-
shaped focus emitting between 700-1100 nm [1].
These materials facilitate conversion of absorbed
light energy into heat as the main proceeding
process. Therefore, combination of them with NIR
sources facilitates film formation of processed
coatings on a selected substrate. High power NIR-
LEDs have received increased attention in the field
as their use offers many advantages compared to
NIR lasers [2]. This work preferably focuses on
LEDs emitting at 860 nm, and 1050 nm and a NIR-
Laser emitting with line-shaped focus at 980 nm.
There exists a relationship between the structural
pattern of the cyanine used as absorber and non-

radiative deactivation as main route to generate heat.

Internal conversion proceeding between the lowest
vibrational mode of the excited state and a higher

8, 2023
6, 2023

Received April
Accepted May

vibrational mode of the ground state explains the
scenario [3] (Fig. 1). Collision of such a hot
molecule with matrix molecules fundaments the
main process contributing to heat generation.
Generated temperature can reach several hundred
Celsius degrees.

< << <
]
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Fig. 1. Simplified Jablonski diagram for overview of
photophysical processes taken from reference [4].
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This technology works also well on temperature-
sensitive substrates because light absorption and
heat generation take place mainly in the coating
with high selectivity and no significant thermal
damage of the substrate. NIR absorbers comprising
either benzo[c,d]- or benzo[e]indolium pattern
absorb between 700-1100 nm with extinction
coefficients of several 10° M'cm™ [5]. An example
shows thermal initiation of a chemical reaction
leading to formation of a polyurethane comprising a
blocked isocyanate [6]. Temperature generated
results in formation of the isocyanate >180 °C. This
new type of photopolymerization, which may be
more accurately named as photoinduced thermal
polymerization, results in crosslinking.

Compeatibility of the absorber, controlled by the
molecular pattern of the absorber at different
positions, with the matrix can be seen as a further
important parameter. Aggregation should be
therefore avoided because this results in a decrease
of the absorption at the excitation wavelength and
therefore in a loss of absorption efficiency. Photonic
drying of coating systems offers the great advantage
that the heat required for solidification penetrates
directly to the place where it would be needed on
demand [7]. This results in huge energy savings of
more than 90% of the requested energy required in
traditional oven technologies [8]. In addition, this
technology can result in savings in cost and waste.

2. Experimental

The organic compounds of the absorbers consist
of heptamethine cyanines comprising naphthostyryl
(benzo[c,d]-indolium as terminal group [9]. These
end groups can be introduced by alkylation or
alkylarylation of benzo[c,d]indol-on (Fig. 2). The
changes in the side chain can alter the chemical
property of the absorber. The absorber comprises
two end groups and a chain builder in the center of
the molecule. The chain builder responsibly tunes
the position and the maximum of the absorber in the
absorption spectrum. It can exhibit a cyclohexene
moiety in the center with conjugated carbons on
both sides. Chlorine, phenyl, or barbiturate can
stand in the center; that is the meso-position. The
exchange of chlorine by phenyl in the meso-position
can cause a red shift in the spectrum. Besides the
benzo[c,d] compound as cation, the absorber also
bears an anion as long as the net charge of the
cyanine remains larger then zero. This counter-lIon
can be chloride, hexafluorophosphate,
tetrafluoroborate or dodecylbenzenesulfonate. This
part of absorber decisively determines the solubility

in the application medium. Based on this knowledge,
the absorbers could be adapted for the application
medium, and the light sources used for the
application.

The following part discloses a general synthesis
route of the absorbers. In a first reaction step, the
benzo[c,d]indol-2(1H)-one reacts by heating in the
presence of sodium hydroxide solution, NMP and
the alkyl bromide. The mixture is then transferred to
an ice/water mixture with the reaction product was
obtained by extraction with toluene. The resulting
yellow-orange liquid was dried with sodium sulfate
and concentrated in a rotary evaporator [10].

OO R-Br, NMP, NaOH _ ‘O

HN N
o} R o)

Benzo[c,d]indol-2(1H)-on Alkyl/Aryl-benzolc,d]indol-on

Fig. 2. Synthesis of alkyl/arylbenzo[c,d]indol-one from
benzo[c,d]indol-2(1H)-one.

After alkylating/alkylarylating the
benzo[c,d]indolone, the liquid reactant reacted with
methyl magnesium chloride in a Grignard reaction
resulting in a green alkyl/aryl benzo[c,d]indolium
salt (Fig. 3). In this step, the desired anion can be
introduced but later exchange by metathesis is
possible either. Due to different solubilities, this
process is limited and requires the understanding of
salt formation reactions in organic surroundings.

CHaMgCI Resallnatlon
N_ @ —

R'® CHy R@ CH,

Alkyl/Aryl-benzolc,d]indol-on Benzo[c,d]-indolium salt X Benzo[c,d]-indolium salt Y
Fig. 3. Synthesis of benzo[c,d]indolium salt from
alkyl/arylbenzo[c,d]indol-one followed by ion exchange
reaction of the counter ion.

For the synthesis of the respective absorber, the
chain builder is needed as central building block
(Fig. 4). This compound is manufactured by
reaction of cyclohexanone with the Vilsmeier-
Haack  reagent made by reaction of
dimethylformamide and phosphorus oxychloride.
The crude product is poured onto ice and allowed to
crystallize. After crystallization the brown-
yellowish raw product is washed with water [11].
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cyclohexanone chainbuilder

Fig. 4. Synthesis of the chain builder for the absorber

synthesis starting from cyclohexanone with the
Vilsmeier-Haack reagent.

After synthesis of the indolium salt and the chain-
builder, formation of the absorber proceeds by
reaction between them in methanol under reflux
(Fig. 5). A shiny powder is obtained. Depending on
the target salt, the color of the product may change
from red to brown [

S0 0

Benzo[c,d]-indolium salt Y chainbuilder

EtOH; reflux

Benzo|c,d]-absorber

Fig. 5. General absorber synthesis based on
benzo[c,d]indol-2(1H)-one and a chain builder for
absorption in the near-infrared region.

After synthesis of the absorber, the counter ion
can be exchanged to obtain a better solubility in the
application medium. For this purpose, the absorber
and the achievable anion are added in a solvent such
as dichloromethane (Fig. 6). Addition of water
results in phase separation. Washing of the organic
phase followed by concentration of the target

material results in the final absorber as shiny powder.

Fig. 6. General reaction equation for the exchange of
the counter ion of benzo[c,d] absorbers.

The absorption spectra of the Absorbers were
recorded in dichloromethane with a UV-3600i Plus
UV-VIS-NIR spectrophotometer. Knowledge of the
extinction coefficient connects to the solubility of
the absorber in the respective medium. The
solubility of the absorbers in the application
medium can be seen as a major point to affect the
efficiency of such systems.

Photonic drying of the coating requires overlap of
the absorption spectrum of the absorber with the
emission spectrum of the light source. After
successful matchmaking, the samples were set up
and prepared for photonic drying using the
LED/Laser source. The samples were prepared by
incorporating 0.5 wt% of the absorber into the
coating. Formvar 2440-3500 from ELANTAS and
an aqueous acrylic dispersion from ALTANA were
applied as coating solutions, which typically request
oven drying and curing. For the photonic drying of
Formvar 2440-3500, absorber A (S0991 in Fig. 7)
was chosen. The drying experiment used a LED and
a laser with line-shaped focus emitting at 1050 nm
and 980 nm, respectively. Absorber B (52493 — Fig.
8) was taken for drying of the aqueous acrylic
dispersion with a LED emitting at 860 nm. For
comparison, samples of the coatings without
absorbers were prepared as well. All samples were
applied on glass substrates resulting in a wet film
thickness of 90 um. The samples without absorbers
were dried in the oven at 220 °C (Formvar244-
3500) and 120 °C (aqueous acrylate dispersion) for
15 minutes each.

Films dried with absorbers were exposed at
different time frames (Laser irradiation 10 seconds,
LED irradiation 1 minute). During irradiation, a
temperature profile of the photonic drying process
was recorded with a Testo-890 thermal imaging
camera from Testo SE & Co. KGaA. After drying,
all samples were prepared for DSC measurements.
These were carried out with the DSC Q200 from TA
Instruments. This tool was used to check the glass
transition temperature 7; and possible post-
polymerization in comparison between oven drying
and photonic drying

Fig. 7. Absorber A S0991 from FEWChemicals [13].
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Fig. 8. Absorber B S 2493 from FEW Chemicals [13].

3. Results and discussion
3.1. Strategy

For a successful photonic drying of the coating,
there are requirements which are necessary as the
overlap of the emission spectrum of the light source
with the absorption spectrum, a high extinction
coefficient of the absorber, the solubility of the
absorber in the coating and thus a high heat
generation within the coating. These parameters
require deeper consideration to optimize conditions
for photonic drying.

3.2. UV/VIS/NIR-Measurements and light source
compatibility

Figure 9 shows the absorption spectra of the
absorbers A and B vide infra. A was measured in
dichloromethane and B in water. The extinction
coefficients relate to the absorption maximum.
Absorber A absorbs at 1010 nanometers and
appears therefore as ideal candidate to operate with
the LED device emitting at 1050 nm. B shows it
absorption maximum at 838 nm enabling the LED
emitting at 838 nm. These data provide the
respective extinction coefficients for A (2.71x10°
M'em!) and B (2.60x10° Mlem™) as shown in
Table 1.

2.5 =

2.0

Absorber A
Absorber B

o
1

A(max) = 1010 nm

A(max) = 838 nm

Absorbance
5
L

0.5=

) ) \J \J
800 1000 1200
wavelenght [nm]

Fig. 9.  Absorption spectra of absorbers A and B
measured in dichloromethane and water with UV-3600i
Plus UV-VIS-NIR spectrophotometer. Plot of absorbance
versus wavelength in nm.

Table 1. Measured values of the absorption spectra and
results of the extinction coefficients of the absorbers.

maximum Absorption
Absorber WaV£length solvent coefticient
[nn;;x] (10°M-'em™)
A 1010 CHxCl2 2,71
B 838 water 2,60

For photonic drying, the emission spectrum of the
LEDs must overlap with the absorption spectrum of
the absorbers. Figure 10, vide infra, shows such an
emission spectrum of the respective LED intensity
taken with an OceanOptics HR4000 spectrometer.
Here, complete overlap is not mandatory to obtain
an efficient system. Absorption at the edges of the
absorption spectrum in the NIR facilitates deeper
penetration into the sample. Thus, the
photochemical reaction can also take place in
deeper layers compared to the light absorbed in the
absorption maximum, where it mainly enables
processes nearby the surface. The irradiance of the
LEDs is 2.3 W/cm? at 860 nm and 0.89 W/cm? at
1050 nm with a distance to the substrate of 0.5 cm
in each case.

60 x10°~
50+

40+

2

emission [W/cm™/nm]

30+

700 800

900
wavelength [nm]

Fig. 10. Emission spectra of LEDs at 860 nm and 1050
nm from Easytec GmbH measured with spectrometer
OceanOptics HR4000. Plot of emission in W/cm?*nm
against wavelength in nm.

3.3. Solubility of the absorbers in the coating

In addition to the absorption of light, the
solubility of the absorbers in the coating is very
important. This appears crucial for a homogeneous
heat distribution in the coating and prevents the
occurrence of imperfections [14]. In addition to this,
the maximum absolute amount of the absorber that
can be dissolved in the coating also plays an
important role. One approach can be that the
solubility tests can be carried out in the neat solvent
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that is also part of the coating. This can be water
or butan-1-ol to obtain a starting point for the
solubility. However, it seems more accurate to
calculate this directly in the coating solution. For
coatings with very high viscosity, this is usually not
possible because the solid components of the
absorber cannot be separated from the saturated
solution. In this case, the problem can be solved by
creating a regression line from diluted solutions
with defined amounts of a low viscosity facilitating
easier handling during spectroscopic measurements
[15].

Table 2. Solubility of the absorbers in the coatings.
Absorber dissolved in Solubility
(/1]
A Formvar 2440-3500 1.2
B acrylate dispersion 0.5

As shown in Table 2, Absorber A possesses a
solubility of 1.2 g/l in Formvar 2440-3500. This is
higher than the solubility of B in the acrylate
dispersion where a value of 0.5 g/l was taken.
However, higher solubility does not necessarily
result in better photonic drying performance. It
simply means that more photons can be absorbed by
more absorber molecules. Further tests of photonic
drying, used samples containing 0.5 wt% weight
percent of absorber.

3.4. Photonic drying and temperature profile

Five different samples were used to compare
oven and photonic drying. The samples were
applied to glass substrate with a wet film thickness
of 90 um. The oven drying temperature was set
according to the baking conditions. Temperature
profiles were recorded with a thermal imaging
camera for photonic drying as shown in Fig. 11.

200
— Formvar Laser 980 nm
------ Formvar LED 1050 nm

s 1504 — acrylate dispersion LED 860 nm

C]

100+

temperature [

T
0 2 4 6 8 10
T

- T 1
20 40 time[s] 60 80 100

Fig. 11. Temperature profile of photonic drying of
Formvar 2440-3500 with irradiation of a laser at 980 nm
(300 watts) and a LED at 1050 nm (0.89 W/cm?) and of
an acrylic dispersion with irradiation of an LED at 860
nm (2.3 W/cm?) using a Testo-IR 890 thermal imaging
camera from TESTO.

This Figure shows the immediate temperature
increase at the begin of irradiation for each sample.
The recorded temperature of Formvar 2440-3500
with irradiation of the laser at 980 nm possesses a
maximum temperature of 213 °C due to the high
power of the laser at 300 W. This temperature is
reached immediately after the laser is switched on
and immediately drops to about 50 °C when the
laser is switched off. It demonstrates the great
advantage of this technology over conventional
oven technologies. If, in comparison, the coating is
then irradiated with the 1050 nm LED at an
irradiance of 0.89 W/cm? in a stationary state for
one minute, the temperature reaches its maximum at
60 °C. This result demonstrates that the lower
intensity as provided by the high-power LED results
in less heat generation compared to more intense
laser exposure. In other words, the laser provides a
higher number of photons that contribute to a higher
amount of absorbed energy converted to heat
according to the mechanistic pattern in Figure 1.
Thus, sufficient drying temperature cannot be
achieved in the considered frame. In comparison,
the baking conditions of this coating in the oven are
about 220 °C and 15 minutes.

Consideration of the temperature curve of the
acrylate dispersion generated with the LED at 860
nm at 2.3 W/cm? demonstrates temperature increase
to a value of 126 °C after one minute of exposure.
This quantity is similar compared to baking
conditions at 120 °C for 15 min. As a result,
combination of the respective absorber and the light
source appears sufficient to obtain the required
temperature for processing.

3.5. Glass transition temperature 7, and post
polymerization

The glass transition temperature and the post-
polymerization of the remaining monomer in the
processed sample indicate whether photonic drying
of the samples was successful compared to the oven
drying or not. Table 3 shows the measured values of
the glass transition temperatures and post-
polymerizations of the samples obtained after light
processing. Post-polymerization is the exothermal
peak area in the first heating run of the sample (in
J/g). The glass transition temperature was taken in
the second heating run.

The results show that the measured values of
photonic drying are comparable with oven drying.
The 7, of Formvar 2440-3500 in the oven is 128 °C
while photonic drying by the laser at 980 nm
resulted in a 7y of 127 °C. On the other hand,
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Table 3.
Formvar 2440-3500 and an acrylate dispersion.

Glass transition temperatures in °C, amount of heat in joules per gram and the appearance after drying of

Type of post
Coating Absorber YPe T, [°C]  polymerisation appearance
Drying
[V/g]
Formvar o
2440-3500 - Oven 220 °C 128 39
Formvar
2440-3500 A Laser 980 nm 127 40
Formvar
2440-3500 A LED 1050 nm 94 151
Actylate - Oven 120 °C 73 18
dispersion
Actylate B LED 860 nm 73 18
dispersion

LED induced curing at 1050 nm resulted in a glass
transition of the cured sample of 94 °C. Thus, the
values between oven drying and laser drying appear
almost similar. The temperature curve from Fig. 11
confirms this statement. Thus, the temperature
generated is sufficient to dry and crosslink the
coating. In comparison between Laser and LED, the
temperature. which occurs by irradiation and the
intensity of the light source are too low to provide
the required amount of heat for drying. This is
reflected in the T, values and post-polymerization.
The T, is much lower and the process of drying does
not lead to a fully crosslinked coating. The T, of the
arylate dispersion in the oven is 73°C and after
irradiation with LED 860 nm for 1 minute it appears
at 73 °C either. The temperature generated appears
sufficient to dry the coating with the light source.
The amount of heat at post-polymerization confirms
the results.

4. Conclusion

Photonic drying of the coatings showed the
feasibility to use this technology as a substitution for
drying and curing in conventional ovens. This

results in a huge saving of energy in production lines.

Here curing of Formvar 2440-3500 with laser
exhibiting line-shaped focus operated at 980 nm

resulted in similar 7, values if the sample was cured
in the traditional more energy consuming oven
technology or by application with the new photonic
drying technique. The LED operated at 1050 nm,
which is less powerful than the laser, could not
achieve this result. Here, further development
would be needed to optimize the output of emitted
photons. This would require focusing on
optimization for the alignment of optical
components because there do not exist so many
choices regarding the development of stronger
emitting semi-conductors nowadays.

The aqueous acrylate dispersion could also be
dried by the new photonic technique. Here, the
combination of the absorber and the LED at 860 nm
was able to generate a sufficiently high temperature,
which can be seen as a big feature.
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Sensitizers for Use in Photochemical Processes and
Controlled Polymerizations

Nicolai Meckbach™!, Sascha Driesen!, Jochen S. Gutmann?,
and Bernd Strehmel!

!Niederrhein University of Applied Sciences,
Institute for Coatings and Surface Chemistry
Adlerstr. 1, 47798 Krefeld, Germany
’Department of Physical Chemistry, Center of Nanointegration (CENIDE),
University of Duisburg-Essen, 45141 Essen, Germany
*nicolai.meckbach@hs-niederrhein.de

The NIR-absorbers S1-S3 derived from heptamethines covering the absorption from 700-
1100 nm were used to study photopolymerization of vinyl monomers in organic and aqueous
surroundings. Polymerization conditions were chosen to follow an ATRP protocol using
ethyl o-bromophenylacetate (EBPA) as initiator in organic surroundings and ethyl-2
bromoisobutyrate in aqueous medium. Excitation proceeded at 820 nm using a new high
power NIR-LED. PtBr4, AuBrs, and NiBr; served as metal catalyst to complement previous
findings where CuBr»/L and FeBrs/Br served as metal catalysts in photo-ATRP explorations
using NIR-radiation for excitation. UV-Vis-NIR titration experiments were pursued to
receive more detailed information about interactions between the sensitizer (Sens) and the
3d-metal ion added. Except for NiBr», all metal salts resulted in a change of the absorption
spectrum. This occurred bathochromic in case of FeBrs addition and hypsochromic upon

addition of CuBr;, PtBrs, and AuBrs.

Keywords: Cyanine, near-infrared radiation, photo-ATRP, metal catalysis

1. Introduction

Macromolecules have been part of people's
everyday lives after their first disclosure for about
100 years [1]. Although work on polymer research
has been going on for a century, there certainly
exists demands in academia and industry to promote
and develop alternative reaction routes to get access
to improved environmentally friendly and more
energy-efficient alternatives procedures compared
to classical polymer synthesis. In particular, the
synthesis of macromolecules with well-defined
architectures has increasingly attracted the focus of
research in university and industrial groups around
the world [2]. This type of synthesis is, as so often,
inspired by exploration of mechanistic aspects and
naturally inspired reactions.

Photochemical strategies of material synthesis
have received increased interest. This follows from
the simple conclusion that light as the smallest

13, 2023
6, 2023

Received April
Accepted May

reagent and tool enables in chemical, technological
processes and on demand. Photochemistry, here,
represents as interdisciplinary discipline of material
sciences and engineering to connect different fields.
This offers the opportunity to work on practical
problems with almost well-established methods and
considers challenges to develop new photochemical
methods with focus on surfaces and coating
chemistry [3-5].

NIR-induced photopolymerization can be seen as
one operating field used in some industrial
applications such as the Computer-to-Plate (CtP)
technology to name one example [6,7].
Nevertheless, the fundamentals can be considered
still in its infancy [8]. Although some detailed
mechanistic studies of photosensitized radical and
cation formation in the visible range were disclosed
[9], the spectral range of NIR absorbers, in which
heptamethine cyanines operate as sensitizer (Sens),
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has not been well understood [8]. Here, internal
conversion results in efficient formation of heat.
[8,10] This feature enables some of these systems
with technological processes requesting a certain
amount on thermal energy. Their use in photonic
technologies addresses the question of further
increase the efficiency in industrial applications.
Here, it would be desirable to tailor the overlap of
the emission of LED arrays or diode lasers with the
absorption band of the sensitizer. It is therefore
advantageous to organize reaction protocols
following tailor-made synthesis of such absorbers.
The advantages of NIR light, as already mentioned,
should be exploited with the goal to tailor the
absorption wavelength between 700-1100 nm with
respect to the emission of the light source. Possible
problems, such as interfering of UV-absorbing
monomers in the <case of UV-induced
polymerization, are therefore excluded from the
outset. Therefore, NIR-sensitized photo-ATRP
developed in previous work [11-13] appears
suitable as a controlled radical polymerization
method to test the new absorbers synthesized
regarding a possible practical application.
Considering their use in paint and surface chemistry,
the polymers could be used in coating materials for
UV protection of substrates or in the synthesis of
tailor-made polymers. Such systems may be also of
interest for lithographic systems operating with
NIR-excitation since controlled polymerization
would diminish polymerization and therefore
crosslinking in the shadow areas.

The synthesis of new NIR active sensitizers and
the practical application of these NIR-sensitized
photo-ATRP systems appears of highly interest. In
addition, it can be seen as a practical topic regarding
various aspects such as sustainability and new
synthesis possibilities. First industrial applications
of the synthesized systems have been already in the
testing phase in other projects [4].

2. Experimental
2.1. Preparation of NIR-Absorbers
A possible general synthetic route describes

manufacture  of  benzo[c,d]-based  cyanine
compounds as an example. Starting from
benzo[c,d]indole-2(1H)on, which requires

purification in boiling ethanol prior to use, the
synthesis begins with alkylation the nitrogen. For
this purpose, 0.03 mol of the crude product is
introduced into N-methyl-2-pyrrolidone under inter
conditions and vigorous stirring. Portions of 0.6 mol
sodium hydroxide solution are added, followed by

addition of 1-bromobutane while the internal
temperature should not exceed of 30°C. The next
step, which is boiling, transfers the reaction solution
to an ice-water mixture. A yellow-red reaction
product precipitates, which is extracted in toluene.
The combined toluene phases are washed with water,
dried over disodium sulfate while the solvent is
removed in the last step.

Following, alkylation takes place by a Grignard
reaction on alkylated nitrogen in toluene. After two
hours at 90 °C follows cooling to 10 °C,
hydrochloric acid is carefully added to form the
reaction product. This step follows addition of
potassium hexafluorophosphate as slurry resulting
in phase separation. After washing the organic phase
with water and other organic solvents, the alkylated
benzo[c,d]indolium ion is obtained.

The chain builder reacts the above product
disclosed, which can be purchased or prepared by
the Vilsmeier-Haack reaction [14]. Further
modification can be done later in the meso-position,
where often a chlorine substituent facilitates easy
exchange with other organic nucleophilic groups.

The previously synthesized components are now
linked to form a cyanine absorber. Thus, 10 mmol
of the indolium salt and 5 mmol of the chain builder
are heated in methanol in the presence of
hydrochloric acid at 60 °C for one hour. The solvent
1s then removed, and dichloromethane is added to
the residue. The mixture is short heated up until
boiling occurs followed by hot aspiration of
precipitate and washing of the filter cake. The
product obtained is dried at 50°C overnight in a
vacuum oven. Overall, final yields of about 50% can
be expected agreeing with literature data of similar
compounds.

For the synthesis of a meso-substituted absorber
with barbiturate as the inner salt, the previous
product (I mmol) and dimethylbarbituric acid are
placed in methanol under nitrogen introduction. It is
stirred at 50°C for three hours under reflux. The
product thus obtained is purified through a column
of basic alumina, using chloroform as eluent.
Unwanted fractions, such as by-products, remain on
the column. During purification, the obtained
fractions are continuously analyzed and
characterized by UV/VIS/NIR spectroscopy.

2.2. Controlled Photopolymerization

A Schlenk reaction vessel equipped with a
magnetic stirrer and Teflon screw cap septum was
filled with 0.045 mM Sens, 0.04 mM PtBr4 in DMF,
and 0.1 mM TBABr (ligand L) in DMF. To this
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mixture, monomer (45 mmol), DMF and ethyl-a-
bromophenyl acetate, EBPA (0.150 mmol), were

added and the solution was homogenized by stirring.

The solution was degassed almost completely by
four freeze-pump-thaw cycles and brought under
nitrogen atmosphere. The reaction mixture was
placed in a photoreactor irradiated at the desired
wavelength (NIR LED irradiation at 790 nm)
applying an intensity of 0.1 W/cm?. At the end of
exposure, the resulting polymers were precipitated
in cold methanol and then dried under reduced
pressure. Conversion was determined
gravimetrically.

2.3. UV-Vis-NIR Titrations

In general, UV VIS NIR titrations are used to
observe and graphically display the change of
absorption bands upon addition of other substances.
In this case, change of absorbance of the sensitizer
in solution upon stepwise addition of metal halides
was observed and graphically evaluated. The
changes observed relate to formation of new
absorption bands while that of the substrate
decreases.

Two stock solutions are prepared. The first
solution consists of the sensitizer (Sens, 3.665 mg
S2265) in the solvent intended to be used in the
subsequent polymerization (DMF, 100 mL). The
second stock solution comprises of the transition
metal halide (PtBrs 11.3 mg) in the same solvent as
solution 1 (DMF, 6 mL). As a reference and zero
sample, 2.5 mL is then added to a cuvette and a first
absorption spectrum in the range of 400 to 1400 nm
is recorded. Solution 2 is then added in 10 pL steps
while the spectrum is recorded in each case. The
subsequent graphical representation of all measured
spectra produces a representation comparable with
that of Fig. 1.

2.4. Electrochemical Experiments

The redox potentials of the absorbers were
determined by measuring cyclic voltammetry. For
this purpose, a three-electrode setup with platinum
plates as working or auxiliary electrodes and
Ag/AgCl electrode as reference was used. For the
internal standard, a conducting solution was
prepared beforehand. This consisted of a 0.1 M
solution of NBusPFs dissolved in acetonitrile. From
this, a solution of ferrocene and the stock solution at
a concentration of 10~ mol/L was generated.

The absorbers were diluted to the same
concentration. Changes of the current were
measured by first increase and then a decrease of the

potential. If electrochemical reactions took place
during this course, this resulted in a change in the
current intensity. The oxidation/reduction potential
could be determined by reading the high/low point.

3. Results and discussion

Formation of a new absorption band appeared
upon addition of 3d-metal ions to the NIR-absorber
comprising a barbiturate group. Here, the new
absorber shown in Fig. 1 shows a decrease of its
absorption while a new bathochromic shifted
absorption appeared. Complexation between the
NIR-absorber and the metal ion added caused such
spectral changes. Such reactions would not proceed
as unusual and were almost described in the 1930’s
as the ZWICKER-reaction. This result confirms
previous studies using a barbiturate comprising
sensitizer with different indolium end groups [10].
Fig. 1 shows the intersection of both lines
corresponding to a ratio of [Sens]:[Cu*']= 1:2
agreeing well with previous findings where the
respective benzo[e]indolium derivative (see Fig. 2
vide infra) was studied [4,12]. It should be
emphasized that in case of the latter, both the band
of the substrate and the new band formed in the
reaction between absorber and metal ion, exhibited
photoreactivity. This was demonstrated by the
proceeding controlled photopolymerization with
NIR-excitation. [12] Nevertheless, the sensitizer
shown in Fig. 1 did not show any activity in
controlled polymerization in this work. As result,
change of the benzindolium pattern from
benz[e]indolium to benz[c,d]indolium mainly
caused this result although the number of =-
electrons did not change. One reason can be the
higher oxidation potential of 0.71 V and the lower
excitation energy (1016 nm). Here, the free reaction
enthalpy of the photoinduced electron transfer AGe
would not be any more negative and therefore
requires more activation energy compared to the
sensitizer comprising benzo[e]indolium groups, see
Fig. 2 vide infra for the structural pattern. For,
comparison, this compound possesses an oxidation
potential of 0.4 V [8] while absorption proceeds at
790 nm. Nevertheless, the fact that new absorption
above 1100 nm appears can be seen as an important
result because this can connect alternative
applications using such sensitizers shown in Fig. 1.

Addition of copper(Il) ions results in a
hypsochromic shifted new absorption band as
shown in Fig. 2. This was demonstrated by titration
of the respective NIR-sensitizer where gradual
amounts of Cu®>" was added. The spectral changes
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observed in the experiment do not appear as so
significant as shown in Fig. 1. Nevertheless, a rough
estimate would lead to the conclusion that a 1:1
complex formation between sensitizer may explain
the changes observed.
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Fig. 1. Addition of FeBrsy/Br™ and Sens (¢ = 5x107 M) in
DMF: The inset shows the change of the OD at 1116 nm
([FeBr3]:[L] = 1:1// 1:2) but no response in photo-ATRP
experiment.
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Fig. 2. Addition of CuBr,/Br and Sens (¢ = 5x10° M) in
DMF: The inset shows the change of the OD at 485 nm
while complex formation. Repeated experiment from ref.

[8].

In this work, further 3d-metal ion bromides were
investigated. These complementary relate to
platinum, gold, and nickel ions. They were explored
in water and organic media. Fig. 3 shows the results
obtained using PtBrs in the titration experiment.
Here, also a new hypsochromic shifted absorption
band appeared demonstrating complexation
between the barbiturate comprising sensitizer and
the metal ion added. Spectra meet in the isosbestic
point at 678 nm showing the existence of two
participating species in the photochemical event.
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Fig. 3. Addition of PtBr4/Br- and Sens (¢ = 5x10° M)
in DMF: The inset shows the change of the OD at 596 nm
while complex formation. Due to complex formation:
Successful NIR sensitized photo-ATRP.

The formation of a new band after adding of PtBr4
brings this system to more attention regarding the
use in controlled radical polymerization
experiments using NIR radiation. Ethyl(a-
bromophenyl) acetate (EBPA) operated as initiator
while the sensitizer used in in the experiment shown
in Fig. 4 absorbed the NIR-radiation released by a
high-power NIR LED at 820 nm.

Fig. 4 and Table 1 summarize the results obtained
with the combination Sens/EBPA/PtBrs. Average
number molecular weight M, results in high values
above 80 kDa. Prolonged exposure shows growth of
M, which appears more typical for controlled
polymerization conditions. Furthermore, the
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dispersity of molecular weight B (M./M,) starts
slightly above 1.6 and shows a decrease with
extended irradiation time. Chain extension
experiments with the monomer methyl methacrylate
were successful demonstrating the control of
polymer growth.
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Fig. 4. Kinetic plot of the polymerization system using
Sens and molecular weight characteristics and dispersity
of PMMA \& irradiation time.
[MMA]o/[EBPA]o/[Pt"Brs]o/[TBABr]/[Sens] =
(300/1/0.02/0.0025/0.3).

Table 1. Results of photo-ATRP experiments: Two
competing mechanisms. (Polymerization time: 2h,
[MMA]o/[EBPA]o/[Sens] = (300/1/0.3)).

run| [PtBrjJ/[L] | conv. (%) | Ma(kDa) | Mu/Msy
A | 0.040.01 9.7 118 1.9
B | 0.04/0.005 4.7 128 2.0
C | 0.04/0.02 47 147 2.0
D | 0.02/0.01 5.3 141 1.9
E | 0.080.01 18.2 65 2.0
F | 0.00.01 0 0 -
G | 0.020.0025 | 244 108 1.5

The metal catalyst concentration also importantly
affects M,. The higher the metal -catalyst
concentration, the lower M,. Here, the metal catalyst,
which complexes as shown in Fig. 3 with Sens,
pushes the system to work according to a controlled
polymerization mechanism. The metal-free
experiment (run F) failed under the conditions
chosen in Table 1. This shows that the metal catalyst
is required to run the polymerization procedure.

Free radical polymerization typically
competitively can occur resulting in larger
dispersity. Nevertheless, the fact that no polymer
was formed in case of run F gives the impression
that the heavy metal ion takes some more
responsibility to control growth of polymer. More
investigations would be required to receive
respective answers. This may include stability of

radical pairs and the role of triplet states formed by
the presence of heavy metal atoms. Typically, the
sensitizer used in these experiments bases on singlet
chemistry.

Additional experiments focused on aqueous
systems. Here, AuBr; operated as metal salt. Fig. 5
and 6 show the spectral changes proceeding upon
addition of the sensitizer shown in these slides. This
compound dissolves well in water and enables
therefore  controlled photopolymerization in
aqueous medium. This could be of importance to
make hydrogels.
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Fig. 5. Addition of AuBrs/Br (c = 510 M) and Sens in
Water: The inset shows the change of the OD at 605 nm
due to complex formation. Access possible to water
based, NIR sensitized photo-ATRP with the possibility of
the synthesis of hydrogels assuming the right monomers.

Titration curves show a decrease of the
absorption band at 790 nm and formation of a new
band at 605 nm. This is consistent with the
experiment shown in Fig. 5 for lower concentrations
of metal ion. Increase of metal ion concentration
results in a decrease of the absorption at 605 nm and
additional formation of new absorption in the
blue/UV range. Polymerization experiments with
water compatible monomers are in progress. The
results will be reported elsewhere.

Further studies used NiBr, in titration
experiments. Data shown in Fig. 6 show no spectral
changes in the absorption spectra. Polymerization
experiments showed no formation of polymer.

225



226

J. Photopolym. Sci. Technol., Vol. 36, No. 4, 2023

3.5
3.0 )
2.5
2.0

1.5+

extinction

1.0+

0.5+

e e e "
wavelength (nm)
Fig. 6. Addition of NiBr2/Br (¢ = 510 M) and Sens in
Water. No new absorption band due to no complex
formation. Unsuccessful activation of NIR sensitized

photo-ATRP protocol

4. Summary

Consideration of controlled living
polymerization techniques brings in front the
advantages of ATRP as a powerful strategy for the
target to synthesize tailor-made polymers. A major
disadvantage is the requirement of a transition metal
complex as catalyst which must have two stable
oxidation states with no formation of metal oxides
[15]. A successfully developed and applied strategy
is the in-situ formation of transition metal
complexes by photochemical reduction using
photosensitizers.

Essential for these  photopolymerization
processes are the NIR sensitizers, which base on
heptamethine dyes absorbing in the range of 700 to
1300 nm. In our work, successful synthesis of
different absorbers based on benzo[c,d]indol-
2(1H)-one or benzo[e]indol-2(1H)-one was. The
solubility was influenced by functionalization so
that compatibility in organic media or aqueous
environment is possible for both cases. The
absorption maxima of these organic sensitizers
depend on the chain building agent needed
throughout the synthesis process. It can be also
influenced by functionalization. We also showed
recently that there is the possibility of bathochromic
shift by addition of metal ions/ligands [12]. This
brings the access to new NIR light sources and the
possibility to synthesize these sensitizers on
demand and adapt them to an appropriate light
source.

Another application of the synthesized sensitizers
or absorbers can be seen to use them for photonic
drying of coatings [3-5]. Here, very high extinction
coefficients of these substances enable targeted
drying. The NIR absorbing heptamethine dyes with
the end groups benzo[c,d]- or benzo[e]-indolenes

have high extinction coefficients of several 100,000
M-em! and lead to high heat generation in
combination with the right choice of an energy
saving source light source; that is a high intensity
NIR-LED or a laser with line-shaped focus.
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Recently, realization of 5G communication systems attract much attention, and high
functionality and miniaturizations of semi-conductor devices and electronic devices are
required. For these purposes, the polyimides applied as interlayer dielectrics of these devices
are expected to show high resolution and reliability in thick films. In this paper, we worked
on developing high resolution and low stress negative tone photo-definable polyimide. By
combining with high light transmittance polyimide and the UV cure system that suppress
active species, we successfully obtained the fine patterns with high resolution even at 40 pm
thickness. We also employed the thermal cure system with no cure shrinkage, so that the
residual stress was still low even at dry conditions. Our developed polyimide also showed a
good insulation reliability by biased HAST (High Accelerated Stress Test).

Keywords: Photo-definable Polyimide, High resolution, Low stress, Patterning, Low

shrinkage, Low temperature cure

1. Introduction

Recently, the arrival of 5G era is expected to
realize the high-speed, large-capacity and low
latency communication [1-5]. 5G will expand the
possibilities of various services such as self-driving
cars, AR/VR gaming and smart home. To spread 5G
technology, there is an increasing demand for higher
functionality, higher frequency and miniaturization
of semi-conductor devices or electronic
devices.

For its excellent heat stability, electrical and
mechanical properties, polyimide is widely
used as a surface protective layer, interlayer
dielectrics of semi-conductor devices or
electronic devices [6-10]. For miniaturization of
these devices, polyimide is required to obtain
suitable thick pattern. Negative tone photo-
definable polyimide (NGPI) was suitable for
obtaining highly reliable thick film. However,
NGPI was difficult to obtain fine pattern in
thick film. In addition, the thick film on the
silicon substrates had a problem of increased
warpage.

In this paper, we developed high resolution and
low stress negative tone photo-definable polyimide.

Received March 30, 2023
Accepted May 18, 2023

In order to obtain high resolution NGPI, we focused
on light transmittance and diffusion of active
species. When the diffusion of active species is
reduced, the contrast between the exposed and
unexposed area is increased. High light
transmittance allows uniform exposure to the
bottom of the pattern of NGPI. Furthermore, we
developed a thermal cure system with no cure
shrinkage to reduce warpage.

2. Experimental Section
2.1. Preparation of polyimides

Polyimide resins were synthesized by
polycondensation of tetracarboxylic dianhydrides
with diamines. The prescribed amount of diamines
was poured into a 4 neck flask with a mechanical
stirrer, a thermometer and an inlet pipe for nitrogen
flow. Solvent was added into the 4 neck flask. Under
nitrogen flow, the flask was heated to 60 °C. The
prescribed amount of tetracarboxylic dianhydrides
was added into the flask with solvent. The mixture
in the flask was stirred for 1hr at 60 °C, followed by
polycondensation was performed for 4 hours at
180 °C.
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2.2. Preparation of polyimide solution

A Polyimide solution was obtained by following
procedure. 10 g of polyimide was dissolved by
solvent to prepare polyimide solution at
concentration of 35 wt%. Then, 10~40 wt%
crosslinker and 1~10 wt% photoinitiator were added
to those solution. The solution was filtered through
a 1.0 um pore poly(tetrafluoro-ethylene) filter to
remove the particles.

2.3. Transmittance measurement

The varnish sample was coated at about 10 pm
thickness on glass by spin coating. Coated glass was
pre-baked by hot plate. The pre-baked glass was
exposed to 2000 mJ/cm? without photomask, then
the exposed glass was post-baked by hot plate. The
post-baked glass was cured in a clean oven (CLH-
21CD (V)-S, KOYO THERMOSYSTEMS Co.,
Ltd) at a condition of 200 °C for 1 hour under N»
atmosphere. The polyimide film on glass was
measured by double beam spectrophotometer (U-
2910, Hitachi High-Tech).

2.4. Patterning process

The varnish sample was coated on an 8-in Si
wafer by a spin-coater (ACT-8, Tokyo-Electron).
Then, the coated wafer was pre-baked on a hot plate
(ACT-8). The film was exposed from 200 mJ cm™
to 500 mJ cm? UV. After exposed wafer was post-
baked on a hot plate, post-baked wafer was
developed by 2.38% tetramethylammonium
hydroxide aqueous solution (TMAHaq) at 23 °C.
Finally, the PSPI patterned on wafer was cured
under N, flow at 200 °C for 1 hour.

2.5.Measurement of residual stress

10 um thick polyimide film was obtained on 6-in
Si wafer. The film stress was calculated based on the
change in radius of curvature of the wafer, using thin
film stress measurement system (FLX3300-T, Toho
Technology). First, the film stress was measured at
a condition of 23 °C to 45%RH. Then, the film was
dried by purging with nitrogen for 30 min at 2 L/min
to 5 L/min and the dry film stress was measured
under a dry condition at 23 °C.

2.6.Reliability tests

As shown in Fig 1., the polyimide solution was
coated at 10 pum thickness on TEG substrate
removed organic contaminants by plasma cleaning.
The line & space, pitch and height of copper were
15 pm & 10 pm, 25 pm and 5.5 um, respectively.
Then biased HAST was carried out at 130 °C for
100 hours with 3.5 V in 85 %RH.

(a) (b) p.s  Cuplate

\ (L&S=15/10 pm)

N_NE_NE e .
Polyimide
SiO,

Fig. 1. (a) Top of view of test vehicle. (b) Cross section
of test vehicle.

3. Results & Discussion
3.1. Light Transmittance and Patterning Formation
of NGPI

We prepared negative tone photo-definable
polyimide varnish samples in Table 1. PI-A and PI-
B contained different polyimides, cross linkers and
photo initiators. In order to obtain high resolution,
we assumed that light transmittance and diffusion of
active species were important. These approaches
were expected to increase the contrast between the
exposed and unexposed areca and the exposure
uniformity from the top to bottom of the pattern. We
designed monomer molecule of polyimide (P2) in
order to increase the light transmittance below 400
nm by suppressing the intra- and inter-polymer
chain interaction based on charge transfer complex
of the polyimide. Diffusion of active species of
photo initiator into non-exposure area is one of the
cause of lower resolution in general. We applied a
UV cure system that the diffusion of active species
was controlled to PI-B for high resolution.

First, we observed the light transmittance of
NGPIs. Fig. 2 shows the light transmittance of
NGPIs at 10 um thickness. The transmittance at 365
nm of PI-A, which is a conventional NGPI, was
50%. On the other hand, that of newly developed PI-

Table 1. The compositions of NGPIs prepared in this work.

Composition
Base polyimide Cross linker Photo initiator
PI-A P1 M1 11
PI-B P2 M2 12

(High light transmittance)
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B was over 90%. Thus, we could obtain a high light
transmittance NGPI.

100 ¢
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Transmittance (%)

Wavelength (nm)

Fig. 2. The light transmittance of NGPIs at 10 pm
thickness.

Next, we observed the pattern shape of NGPlIs.
Fig. 3 shows cross-section SEM images of patterned
polyimide after cure. In case of PI-A, we could
obtain patterned polyimide at 17 pm thickness on
the silicon substrate and the minimum size of
patterned width which we could obtain was 36 pm
(aspect ratio: 0.5). On the other hand, in the case of
PI-B, we could obtain patterned polyimide at 26 pm
thickness on the silicon substrate and the minimum
size of patterned width which we could obtain was
10 um (aspect ratio: 2.5). Moreover, 40 um thick PI-
B could be patterned 20 pm width.

3.2. Residual stress measurement

We measured the residual stress of NGPIs by thin
film stress measurement system. Fig. 4 shows the
residual stress of NGPIs at 10 um thickness. The
residual stress of PI-A was 25 MPa at 23 °C to
45%RH. However, when the film was dried by
purging with nitrogen, the stress was up to 35 MPa
under dry conditions. These stress changes
associated with drying were attributed to the water
absorption properties of NGPIs. On the other hand,
the stress of PI-B was 14 MPa at 23 °C to 45%RH,
and the stress was up to 25 MPa when dried. In
comparison with a conventional PI-A, PI-B was
lower stress polyimide even in dry conditions.

The thermal cure system of PI-B could reduce
cure shrinkage Fig. 5 shows the relationship
between spin rotation speed of PI-B and film
thickness after PB, development, and curing. We
observed mno thickness change even after
development and cure. As PI-B had the advantage
of no shrinkage, the residual stress became lower.

@) 30/30pm Line/Space
¥

17um

(b-1)| 20/10pm Line/Space
L

54800 3.0kV x1.50k SE(M)

Fig. 3. Cross-section SEM images of patterned NGPIs.
(a) PI-A (L/S width: 30/30 um), (b) PI-B (L/S width:
20/10 um or 40/20 pum).
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Fig. 4. Residual stress measurement of NGPIs at 23 °C to
45%RH while purging with dry nitrogen gas.
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3.3. Reliability test results of PI-A

PI-B showed a good insulation reliability by
biased HAST. As shown in Fig. 6, no short and open
failure were observed at 130 °C for 100 hours with
3.5Vin 85 %RH.

This result indicated that PI-B have enough
insulating performance as interlayer dielectrics even
after the reliability test.

250
— ——
= 200 ! after PB
= —o— after Dev.
[7]
o 15.0 after Cure
[
o
g 100
c ~—
= 50t

0.0 L L L

0 1000 2000 3000 4000

Spin speed (rpm)

Fig. 5. Spin-curve of PI-B after pre-bake, development
or cure.
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Fig. 6. (a) Resistivity of PI-B cured at 200 °C for 1 hr

during the treatment at a condition of 130 °C, 85 RH%,

and 3.5 V bias for 100 hrs. (b) Image of test vehicle after
biased HAST test.

4. Conclusion

In this study, we combined two composition
designs to develop high resolution NGPI. One was
the synthesis of high light transmittance polyimide
by designing monomer molecule to obtain high light
transmittance NGPI. The other was the application
of'the UV cure system that inhibited the diffusion of
active species. As a results, whereas the aspect ratio
of conventional PI-A was 0.5 at 17 pum thickness,
the aspect ratio of newly developed PI-B was 2.5 at
26 um thickness and 2.0 at 40 um thickness. In
addition, we also employed the thermal cure system
with no cure shrinkage. In consequence, the residual
stress of PI-B became lower, and even under dry
conditions was lower than that of PI-A to 45%RH.
PI-B also showed a good insulation reliability by
biased HAST.

Our novel high resolution and low stress
polyimide are suitable for semi-conductor devices
or electronic devices whose applications are 5G
communication.
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In this paper we studied on the size and morphology of polymer nano-film synthesized with
the new lattice point compound (LP1), comparing with the polymer nano-film of per-6-
amino-f-cyclodextrin (Per-6-ABCD) used as the lattice point. It was also shown that the
particle diameters of polymer nano-film composed of LP1 were larger than those of Per-6-
ABCD. It was assumed that larger particle size of LP1 polymer nano-film might ascribe to
the more flexible side chain and that the bulky and rigid structure of Per-6-ABCD might
restrict the crosslinking reaction due to the steric hindrance. The AFM images suggested
that the polymer nano-film in methanol might be expanded like a sheet and that in water the
hydrophobic moiety might be turned inward to form a spherical or rod-like shape.

Keywords: Polymer nano-film, Lattice point compound, Particle size, Morphology,

Self-assembled phospholipid layer

1. Introduction

The nano-film is a new type of material that
possesses a two-dimensional polymeric structure
with nano-meter thickness. Many of nano-film
needs the supporting material [1-5]. Recently, free
standing nano-films fabricated from molecular,
atomic, and ionic components have been
extensively investigated for systems with analytical
and biomedical applications, such as separation
matrices and drug delivery carriers [6-11].

On the other hand, we have developed the method
to introduce a durable surface wettability on several
hydrophobic polymers by plasma-assisted method
[12-16], and to fabricate a self-assembled
phospholipid (phosphatidyl choline (PC)) layer
containing stearic acid (StA) (LDPE-StA-PC-SA)
on it [17]. It was confirmed that LDPE-StA-PC-
SA possessed fluidity resembling to cellular
membrane. Inrecent years we have developed the
polymer nano-film possessing hydrophilic and

hydrophobic surface by using LDPE-PC-SA (Fig. 1).

Received March 29, 2023
Accepted May 9, 2023

As shown in Fig. 1, polymer nano-film synthesized
in this way would be a 2-dimentional network
polymer composing of lattice point and liker moiety.
As the lattice points would also bind stearic acid,
this area forms a hydrophobic surface.  The
morphology of polymer nano-film in organic
solvents (methanol and chloroform) and water was
estimated by 'H-NMR spectra measurement and
atomic force microscope (AFM) measurement [ 18-
21].

In this paper we studied on the size and
morphology of polymer nano-film synthesized with
the new lattice point compound (LP1) shown in Fig.
2, comparing with the polymer nano-film of Per-6-
amino-f-cyclodextrin (Per-6-ABCD) used as the
lattice point reported in the previous paper [21].
We selected three kinds of linker shown in Fig. 3,
succinic acid, glutaric acid and azelaic acid. The
particle size and distribution of polymer nano-film
in phosphate buffer solution (PBS) and methanol
was estimated by dynamic light scattering (DLS).
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Lattice point compound Linker compound

4,4'[1,2-ethanediyldi(oxy-ethylamino)]
bis-[4-ox0-2-butenoic acid] (EBBA)

Per-6-amino-B-cyclodextrin
(Per-6-ABCD)

l
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EDC-HCI
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Schematic illustration of the fabrication of polymer nano-film possessing hydrophilic and hydrophobic surface

with the self-assembled phospholipid layer containing stearic acid.

The morphology of polymer nano-film in dry state
was also estimated by AFM.

2. Experimental
2.1. General methods

"H-NMR spectra were recorded on a JNM-
ECZ400S FT-NMR spectrometer (JEOL) in either
dimethyl sulfoxide-ds (DMSO-ds) or methanol-ds
(CD;0D) or D,O. TMS was used as an internal
standard in DMSO-ds and CD;OD.

2.2. Materials

Succinic acid was purchased from Kishida
Chemical Co., Ltd. Glutaric acid and azelaic acid
were obtained from Nakalai Tesque Inc. Per-6-
amino-PB-cyclodextrin (Per-6-ABCD) was syn-
thesized according to the literatures [22].

2.3. Synthesis of benzyl phenyl carbonate (BPC)

To a solution of benzyl alcohol (1600mg, 15
mmol) and pyridine (1.2 mL) in dry dichloro-
methane (DCM) was added a solution of phenyl
chloroformate (2350 mg, 15 mmol) in dry DCM (30
mL) in an ice bath. The reaction mixture was
stirred at room temperature overnight, and then
washed with 5% of sodium hydroxide aqueous
solution, 1 mol/L of HCl aqueous solution and
saturated saline. The DCM layer was dried and
evaporated in vacuo to obtain BPC as a yellow oily
substance (72 % yield). '"H-NMR (400 MHz,
DMSO-ds): 8 = 7.51-7.44 (m, 2H); 7.44-7.42 (m,
2H); 7.42-7.39 (m, 2H); 7.39-7.36 (m, 1H); 7.32-
7.27 (m, 1H); 7.27-7.21 (m, 2H); 5.28 (s, 2H).

2.4. Synthesis of CBZ-TREN
To a solution of tris-(2-aminoethyl)amine (790mg,

5.4 mmol) in dry DCM was dropwisely added a
solution of BPC (2500 mg, 11 mmol) in dry DCM
(10 mL) in an ice bath under N, atmosphere. The
reaction mixture was stirred at room temperature
overnight, and then evaporated in vacuo. Column
chromatography on silica gel (eluted with
methanol/DCM=1/19 containing 1% triethylamine)
afforded the desired product as a yellow green oil
(77 % yield). 'H-NMR (400 MHz, DMSO-ds): & =
7.39-7.34 (m, 4H); 7.34-7.32 (m, 4H); 7.32-7.27 (m,
2H); 7.22 (t, 2H); 5.01 (s, 4H); 3.16-3.09 (br, 2H);
3.05 (q, 4H); 2.54-2.49 (m, 2H); 2.49-2.43 (m, 4H);
2.43-2.34 (m, 2H).

Hill A

LP1 Per-6-ABCD

Fig. 2. Structures of lattice point compounds.

(o]
. JOU
OH HO OH

o]
Succinic acid

Glutaric acid

o] o

Ho)k/\/\/\)kOH

Azelaic acid

Fig. 3. Structures of three kinds of linker.
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2.5. Synthesis of CBZ-LP1

A solution of 1,3,5-benzene tricarboxylic acid
(270mg, 1.3 mmol) and 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (EDC-
HCI) (800mg, 4.2 mmol) in dry dimethyl-
formamide (DMF) was stirred for 1 h in an ice bath.
To this solution was added a solution of CBZ-TREN
(1700 mg, 4.2 mmol) in dry DNF (20 mL) in an ice
bath. The reaction mixture was stirred at 8§ °C
overnight, and then evaporated in vacuo. Column
chromatography on silica gel (eluted with
methanol/DCM=3/17) afforded the desired product
as a yellow solid (56 % yield). 'H-NMR (400 MHz,
DMSO-ds): 6 = 8.64 (t, 3H); 8.38 (s, 3H); 7.39-7.32
(m, 12H); 7.32-7.30 (m, 12H); 7.30-7.25 (m, 6H);
7.19 (t, 6H); 4.98 (s, 12H); 3.32 (q, 6H) 3.06 (q, 12H)
2.62 (t, 6H); 2.54 (t, 12H).

2.6. Synthesis of LP1

Pd(OH), (99 mg) was added to a solution of CBZ-
LPI (990mg, 0.7 mmol) in dry methanol. The
reaction mixture was stirred under H, atmosphere at
room temperature for 24 h. The reaction mixture
was filtered on celite and evaporated in vacuo. The
desired compound was obtained as a yellow solid
(92 % yield). 'H-NMR (400 MHz, CDsOD): 8 =
8.64 (t, 3H); 8.53 (s, 3H); 3.52 (q, 6H); 2.84 (t, 12H);
2.74 (t, 6H); 2.68 (t, 12H); 2.62 (m, 12H).

2.7. Preparation of polymer nano-film

According to the literatures, LDPE-StA-PC-SA
was fabricated, and then LP1 was immobilized on
the LDPE-StA- PC-SA film [17, 18]. To 100 mL of
water was added 1 mL of 0.047 umol/ml EDC-HCI
aqueous solution and 50 uL of 29 pmol/ml succinic
acid in aqueous solution. This solution was kept at
30 °C for 30 min. The LDPE-StA-PC-SA film
immobilizing LP1 (1 X 3 cm, 40 films) was soaked
into this solution at 30 °C for 18 h. These films
were washed with water. The films were immersed
into 60 mL of ethanol and kept at 30 °C for 3 h.
This ethanol solution was concentrated to about 7
mL in vacuo. The concentrated solution was
transferred into a pre-swollen semi-permeable
membrane (Spectra/ Por® 1 Dialysis Membrane
Standard RC Tubing MWCO: 6 - 8 kD, Spectrum
Laboratories, Inc.). The both sides of the tube were
sealed with dialysis tubing closures (Dialysis Tubing
Closures Standard Closure Type, 80 mm). The
solution was dialyzed against 300 mL of methanol
for 15 h. And then the dialysis membrane was
immersed into 300 mL of pH 7.4 PBS to obtain the
polymer nano-film solution. The polymer nano-

films crosslinked with glutaric acid or azelaic acid
were also prepared in the similar manner.

2.8. Dynamic light scattering (DLS) measurement

DLS was measured by using a DLS-8000 (Otsuka
Electronics) equipped with a He/Ne laser (Ao = 633
nm). A scattering angle of 90° was used to evaluate
the size of polymer nano-film. The hydrodynamic
diameter and the polydispersity factor, represented as
/T2, were calculated using the Stokes-Einstein
equation and the cumulant method. The number-
average particle diameter was determined by
histogram method with Marquardt -calculation.
Three replicates were measured.

2.9. Atomic force microscope (AFM) measurement
in dynamic force mode

The PBS of polymer nano-film was exchanged
into distilled water.  The aqueous solution of
polymer nano-film was casted on mica, and then
dried to obtain AFM sample. The morphology of
polymer nano-film was investigated by AFM with
dynamic force mode employing Scanning Probe
Microscopy ~ AFM-5400L (Hitachi High-
Technologies Co.) and cantilever (SI-DF20P2).
AFM  measurement was performed under
atmospheric conditions.

3. Results and Discussion
3.1. Synthesis of LP1

Scheme 1 shows the synthetic scheme of LPI.
LP1 was synthesized in four step reactions. Total
chemical yield was about 30 %. As shown in Fig.
2, LP1 possesses more flexible side chain of amino
groups than those of Per-6-ABCD.

3.2. Changes in particle diameter of polymer nano-
film by the different in lattice point compound

We synthesized two types of polymer nano-film,
which were composed of LP1 or Per-6-ABCD as a
lattice point compound, with azelaic acid as a linker
moiety. The particle diameter of polymer nano-
film was measured on DLS in methanol, pH 5 PBS
and pH 7.4 PBS. Figure 4 shows the changes in
particle diameter of polymer nano-film composed of
LP1 or Per-6-ABCD against crosslinking time. It
was seen from Fig. 4 that the particle diameter of
both polymer nano-films increased with increasing
crosslinking time and leveled off at about 8 h for LP1
and about 2 h for Per-6-ABCD. It was also shown
that the particle diameters of polymer nano-film
composed of LP1 were larger than those of Per-6-
ABCD in each solvent. It was assumed that larger
particle size of LP1 polymer nano-film might ascribe
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Scheme 1

to the more flexible side chain and that the bulky and
rigid structure of Per-6-ABCD might restrict the
crosslinking reaction due to the steric hindrance.
The particle diameters of both polymer nano-films
decreased in the order of methanol, pH 5 PBS and
pH 7 PBS. This order could be rationalized as
follows. These polymer nano-film possessed
hydrophilic moiety (surface of LP1 and Per-6-
ABCD) and hydrophobic moiety (surface binding
stearic acid). As methanol is a good solvent for
hydrophilic and hydrophobic moiety, these polymer
nano-film would be expanded and showed the largest
particle diameter among them. In aqueous solution
the hydrophobic moieties could be turned inward, so
that these polymer nano-films indicated smaller
particle diameter than methanol due to a shrank
conformation.  There were several free amino
groups which were unbounded to linker or stearic
acid in one lattice point compound. As free amino
groups were protonated in acidic condition,
electrostatic repulsion between protonated amino
groups would cause the expansion of polymer nano-

MeOH 40 mL
rt, Overnight

N._ /\N/\\ “/5\’("\/\ AN

I~|IH, Hz
LP1
386.6mg (0.650 mmol)

film. Therefore, the particle diameter at pH 5 was
larger than that at pH 7.4.

3.3. Changes in the particle diameter of polymer
nano-film synthesized with LP1 against linker length

Polymer nano-films were prepared with LP1 and
three kinds of linkers shown in Fig. 3, and their
particle diameter was measured on DLS
measurement.

Table 1 shows the particle diameter of polymer
nano-films in pH 7.4 PBS.  The particle diameter of
polymer nano-film increased with increasing the
linker length and the crosslinking time. It was
suggested that the particle diameter of polymer nano-
film could be controlled by the linker length and the
crosslinking time.

3.4. Morphology estimation of polymer nano-film in
dry condition by AFM measurement

The methanol or aqueous solution of polymer
nano-film synthesized with LP1 and azelaic acid
were casted on mica, and then dried to obtain the
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AFM sample. Figure 5 shows the AFM images of
polymer nano-film synthesized with LP1.

Although the particle diameter estimated on AFM
measurement was clearly smaller than those on DLS
measurement, the order of particle diameter
measured on AFM was same with those on DLS (see
Fig. 4). Although DLS measurement was carried
out in a solution, AFM measurement was performed
in a dry state (without solvent). It was considered
that the polymer nano-film would be remarkably
shrunk in a dry state. As shown in Fig. 5 (A), the
morphology of polymer nano-film from MeOH
showed nearly rectangle shape, and the thickness
was 1.27nm. On the other hand, the polymer nano-
film from water showed spherical or oblong
morphology (Fig. 5 (B)), and the thickness was 5.24
nm. As mentioned above, methanol could solvate
with both hydrophobic and hydrophilic moiety, but
water could solvate with only hydrophilic moiety.
Separately we measured 'H-NMR spectra of
polymer nano-film in CDsOD and D,0O. 'H-NMR
spectra in CD3;0D showed the sharp peaks ascribed
to LP1 and stearic acid moiety. However, 'H-NMR
spectra in D,O indicated the sharp peaks of LP1 and
the broad peaks of stearic acid moiety.  These
results suggested that the polymer nano-film in
methanol might be expanded like a sheet and that the
hydrophobic moiety might be turned inward in water
to form a spherical or rod-like shape.

LP1 - Azelaicacid

Number average diameter (nm)

0 2 4 6 8 10 16 18 20
Crosslinking time (h)

Per-6-ABCD - Azelaic acid
500 i

400

I o

1 Q-

300

© e

200

100

=]

0

Number average diameter (nm)

0o 2 4 6 8 10 16 18 20
Crosslinking time (h)

Fig. 4. Changes in particle diameter of polymer nano-
film composed of LP1 or Per6-ABCD against crosslinking
time.
@ ; McOH, O; pH 5 PBS, A;pH 7.4 PBS.
The number average particle diameter was measured
on DLS.

Table 1. Particle diameter (nm) of polymer nano-film
with three kinds of linkers.

2h 8h 18h
Succinic acid 80 140 150
Glutaric acid 110 160 165
Azelaic acid 150 200 205

The particle diameter of polymer nano-films was
recorded on DLS in pH 7.4 PBS.

(A) MeOH |

Diameter: about 200 nm
Thickness: 1.27 nm

Diameter: about 60 nm

Thickness: 5.24 nm

0 100 200 300 400
[nm]

Fig. 5. AFM images of polymer nano-film in methanol
(A) and water (B).
The polymer nano-film was synthesized with LP1
and azelaic acid

4. Conclusion

The conclusions drawn from the present study can
be summarized as follows.

LP1 was synthesized in four step reactions.
Total chemical yield was about 30 %.  We
synthesized two types of polymer nano-film, which
were composed of LP1 or Per-6-ABCD as a lattice
point compound, with azelaic acid as a linker moiety.
The particle diameters of polymer nano-film
composed of LP1 were larger than those of Per-6-
ABCD in methanol and PBS. It was assumed that
larger particle size of LP1 polymer nano-film might
ascribe to the more flexible side chain and that the
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bulky and rigid structure of Per-6-ABCD might
restrict the crosslinking reaction due to the steric
hindrance. The morphology of polymer nano-film
from MeOH showed nearly rectangle shape, and the
thickness was 1.27 nm. On the other hand, the
polymer nano-film from water showed spherical or
oblong morphology, and the thickness was 5.24 nm.
These results suggested that the polymer nano-film
in methanol might be expanded like a sheet and that
the hydrophobic moiety might be turned inward in
water to form a spherical or rod-like shape.

We are now actively elaborating the application to
a drug carrier using the present polymer nano-film.
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Polysilanes possess both electrical and optical functionalities. To use a polysilane in
electronic devices, it must be chemically modified to connect to a metal atom. We
developed a synthesis method for a polysilane—methacrylate copolymer using a polysilane
as the photoradical initiator because methacrylate can be easily modified. Notably, both
ends of the polysilane block are expected to be modified with methacrylate, which has a
reactive functional group, to form chemical bonds with the metal electrodes in electronic
devices. In this study, we prepared a polysilane-methacrylate copolymer with two

methacrylate species. The

methacrylates

used for photopolymerization were

2-(methylthio)ethyl methacrylate and glycidyl methacrylate.

Keywords:
Photopolymerization

1. Introduction

Polysilanes possess continuous Si—Si covalent
bonds that result in electrical conductivity and
absorption/luminescence in the ultraviolet (UV)
range [1, 2]. Furthermore, we found that
polysilanes amplified the spin polarization and
exhibited magnetoresistance properties [3, 4].
However, these polymers have not been applied
to electronic devices because they react with
0,/H,0 and gradually degrade. We developed a
polysilane—methacrylate copolymer using a
polysilane as the photoradical initiator by
intentionally retaining the polysilane block [5, 6].
The methacrylate of a copolymer can be easily
modified with reactive functional groups [7-9].

It has also been found that a molecule with a
helical structure, such as a protein, exhibits a spin
selectivity effect, that is, chiral-induced spin
selectivity [10-12]. Furthermore, the tunneling
distance in a protein molecule is comparable to
that in a m-conjugated molecule [13]. Polysilanes
also exhibit electrically conductive characteristics
comparable to those of m-conjugated molecules
[14]. If bond formation between a protein and
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Polysilane, 2-(Methylthio)ethyl methacrylate, Glycidyl methacrylate,

polysilane can be achieved for the purpose of
passing an electric current, the polysilane may
amplify the spin polarization that is induced in
the protein. This protein—polysilane hybrid can be
applied to magnetoelectronic devices.
Furthermore, the unknown structure of a protein
can be examined by forming a polysilane hybrid
to measure the electric current as an aid for

hﬂe
%CHz H %—s.. - CH,=C
N Me C=0

0 o.
Ry O R2
R1 = \/SCHS =
c 0-2
R1 Rz

Fig. 1. Chemical structure of polysilane modified
with 2-(methylthio)ethyl methacrylate (mteMA)
and glycidyl metahcrylate (glcMA).
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nuclear magnetic resonance (NMR) and X-ray
structural  analyses.  Polysilane—methacrylate
copolymers with reactive functional groups such
as isocyanates and amides have been developed
by our research group [15-17].

In this study, a polysilane was modified with
glycidyl methacrylate (glcMA), which can form
covalent bonds with protein-containing alcohols
[18]. Furthermore, because polysilanes must be
modified to connect to the metal electrode, the
polysilane used was reacted with
2-(methylthio)ethyl ~ methacrylate  (mteMA),
which can adhere to the gold substrate via S—Au
interactions [19]. In this study, as shown in Figure
1, we initially attempted the photopolymerization
of a polysilane with mteMA. Subsequently,
glcMA was reacted with the polysilane-mteMA
copolymer as a photochemical initiator to modify
the polysilane with both mteMA and glcMA.

2. Experimental
2.1 Materials

Poly(methylphenylsilane) (PMPS) was
supplied by Osaka Gas Chemicals Co., Ltd.
(OGSOL SI-10-10) [20]. The crude sample was
purified using hexane via reprecipitation. glcMA
and mteMA were purchased from Sigma-Aldrich
Co., LLC. The methacrylate photoreaction was
performed using the polysilane as a photoradical
initiator.

A typical photoreaction was performed as
follows: PMPS (0.5 g) and mteMA (0.5 g) were
dissolved in distilled toluene (5 mL) in a Pyrex
glass tube. The ratio of the wunits of
methylphenylsilane (MPS) to methacrylate was
approximately equimolar in the mixture.
Degassing was performed using the freeze—thaw
method. The tube was then irradiated with UV
light (SEN  LIGHTS  CORPORATION,

Table 1. Characterization of products by GPC, 'H-NMR,
and UV-Vis absorption spectroscopy.

GPC 'H-NMR  UV-Vis
Sample 3 )
Mn/10° Mw/Mn Xy 77 Apa (NM)
PMPS 5.1 3.2 136 331.4

PMPS-mteMA 5.4 2.4 94 326.0

9
Product-5" 5.1 2.4 80 9 5 325.5
Product-15 5.0 24 72 9 13 3253
Product-30 4.5 2.1 60 8 13  324.0

" Product prepared from PMPS-mteMA and glcMA by
UV-irradiation for 5 min.

DX, y, and z were average values of units of MPS,
mteMA, and glcMA.

high-pressure Hg lamp, 10 mW cm2) for 15 min.
The reaction mixture was reprecipitated in hexane
(300 mL) and filtered through a glass filter (pore
size: 20-30 pm). Finally, the residue obtained
was vacuum-dried overnight. The product is
referred to as PMPS-mteMA.

Using the same synthesis method, glcMA was
used for the subsequent photopolymerization step
using the first product as a photoradical initiator
to obtain a polysilane modified with mteMA and
glcMA. The polymerization step was carried out
by varying the UV irradiation time to 5, 15, or 30
min. The products are referred to as Product-5,
Product-15, and Product-30, respectively.

2.2 Measurements

The molecular weight was analyzed in
tetrahydrofuran using a Shodex GPC-101 system
with polystyrene standards. The ratio (x/y/z) of
the number of MPS units to that of MA units was
determined by 'H-NMR spectroscopy using a
JEOL  JNM-ECX400  spectrometer  with
deuterated chloroform as the solvent. UV—visible
(UV—vis) absorption spectra were obtained using
a  Shimadzu UV-3600 spectrophotometer.
Fourier-transform infrared (FT-IR) spectra were
obtained using a Shimadzu IR Affinity-ATR
system equipped with a zinc selenide crystal.
Raman spectroscopy was performed using a
Raman microspectroscopy system Nanofinder 30
A spectrometer (Tokyo Instruments) with a 532
nm green laser. Thermogravimetric (TG) analysis
was carried out using a Seiko Instrument
TG/DTA7200 at a heating/cooling rate of 10 °C
min! in the temperature range of 30-550 °C.
Differential scanning calorimetry (DSC) was
performed using a Seiko Instrument DSC-X5400

Transmittance

3500 2500 1500 500
Wavenumbers (cm1)
Fig. 2. FT-IR spectra of PMPS (blue solid line).
PMPS-mteMA (orange dotted line), and product-
15 (gray hash-dotted line).
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at a heating/cooling rate of 10 °C min™' in the
temperature range from —30 to 230 °C.

3. Results and discussion

We used PMPS-mteMA, which was
synthesized from PMPS, as the photoradical
initiator [19] to modify PMPS-mteMA with
glcMA. Figure 2 shows the FT-IR spectra of
PMPS, PMPS-mteMA, and Product-15.
Compared to the spectrum of PMPS, the
PMPS-mteMA spectrum exhibits a peak at 1720
cm™! corresponding to the carbonyl group of the
methacrylate. In addition, the spectrum of
Product-15 had a peak at 916 cm™' corresponding
to the epoxy group of glcMA. Furthermore, the
broad peak observed at approximately 2900 cm ™!
in the Product-15 spectrum increased in vibration
intensity compared to that in the PMPS—-mteMA
spectrum owing to the presence of methylene in
the epoxy group. The FT-IR spectra of Product-5
and Product-30 showed the same tendency as that
of Product-15. These results confirm the addition
of glcMA to PMPS—-mteMA.

Figure 3 shows the UV-vis absorption spectra
of PMPS, PMPS-mteMA, and Product-15. PMPS
exhibited UV absorption at 331.4 nm, which was
derived from the o-conjugation of continuous
Si-Si bonds. PMPS—-mteMA also exhibited UV
absorption at a wavelength lower than that of
PMPS, suggesting that photopolymerization
shortens the polysilane block. Product-15 also
exhibited UV absorption; however, its relative
absorbance intensity decreased, resulting in a
shoulder peak whose wavelength shifted to lower
than that of PMPS—mteMA. This suggests that
Product-15 retained the polysilane block even
after two sequential photopolymerization steps.

Absorbance

350
Wavlength (nm)

Fig. 3. UV-Vis aborption spectra of PMPS (blue
solid line), PMPS-sulMA (orange dotted line), and

product-15 (gray hash-dotted line).

Weight (%)

Subsequently, quantitative structural analysis
of the Product-5, -15, and -30 was performed
using gel permeation chromatography (GPC),
'"H-NMR, and UV-vis absorption spectroscopy.
The properties of the products obtained are listed
in Table 1. The average values of the unit
numbers (x, y, z) were calculated from M,, and
the ratios (x/y/z) determined by 'H-NMR
spectroscopy [21]. It was revealed that Product-5
contained glcMA units. The molecular weight of
Product-5 was lower than that of PMPS—mteMA
because of the decrease in the number of MPS
units. This result was also confirmed by the
redshift in the UV absorption (Ama) of
PMPS-mteMA. Product-15 had a similar
molecular weight as Product-5, whereas the
number of glcMA units was higher than that of
PMPS-mteMA. In addition, Product-15 had a
lower number of MPS units compared to
Product-5, which was also confirmed by the
redshift in Am. The molecular weight of
Product-30 was lower than that of Product-15,
whereas the number of mteMA and glcMA units
remained almost unchanged. Based on these
results, we can confirm that PMPS modified with
mteMA and gIlcMA was prepared via the
sequential photopolymerization of PMPS and two
methacrylate species. Furthermore, it was clear
that an excess UV irradiation of > 15 min
retained the number of methacrylate units and
shortened the polysilane block. Therefore,
Product-15 is discussed in detail hereinafter
because the polysilane block is relatively longer
than that of the other products.

Figure 4 shows the TG results for PMPS,
PMPS—-mteMA, and Product-15. The weight of

100 f—

0 1 1 1 1
0 200 400

Temperature (°C)
Fig. 4. Thermogravimetric (TG) analysis of
PMPS (blue solid line), PMPS-mteMA (orange
dotted line), and product-15 (gray hash-dotted
line).

600

239



240

J. Photopolym. Sci. Technol., Vol. 36, No. 4, 2023

PMPS decreased at 350 °C and then continued to
decrease monotonically to become 34 %. The
weight of PMPS-mteMA showed a gradual
decrease from 200 °C. The decrease in weight
became moderate at 350 °C and diminished again
from 400 °C to become 37 %. The first decrease
in weight at 200 °C was due to the chain cleavage
of mteMA blocks. The TG results of Product-15
showed the same tendency as those of
PMPS—-mteMA. The decrease in weight at 200 °C
cannot be deconvoluted into mteMA and glcMA.
Because the relative proportion of the polysilane
block (the MPS unit) of Product-15 was smaller
than that of PMPS—mteMA, the final decrease in
its weight was 8.7 %. The residue obtained at >
500 °C may be silicon carbide-like compounds
[22].

Subsequently, DSC analyses were performed
on PMPS, PMPS-mteMA, and Product-15, and
the results are shown in Figure 5. PMPS and
PMPS-mteMA exhibited glass transitions at 150
and 146 °C, respectively. The glass-transition
temperature of PMPS—-mteMA was slightly lower
than that of PMPS because of the shorter length
of its polysilane blocks. Although the glass
transition of Product-15 became unclear, a gentle
step in the DSC curve was observed at
approximately 130 °C, indicating a relatively
short length of the polysilane block of Product-15,
which was synthesized via two
photopolymerization steps.

Heat flow (mW)

Temperature rising
0 50 100 150 200
Temperature (°C)

Fig. 5. DSC analysis of PMPS (blue solid line),
PMPS-mteMA (orange dotted line), and
product-15 (gray hash-dotted line).

Finally, the Raman spectra were analyzed, and
the results are shown in Figure 6. The thickness
of the films was approximately 5 pm. In general,
Raman scattering analysis reflects the vibrations
of isotropic bonds with a high polarizability. As

Intensity

Intensity

680 700 720 740 760 780

Intensity

PMPS-mteMA and Product-15 consisted
primarily of a polysilane structure, their Raman
spectra were similar to that of PMPS. However,
different results were obtained for PMPS and
PMPS-mteMA upon detailed analyses of the
spectra. Figures 6 (a), 6 (b), and 6 (c) show the
depth profiles of the Raman spectra of PMPS and
PMPS-mteMA, and Product-15, respectively.
PMPS had Raman peaks at 702, 718, and 740
cm . Although the detailed identification is
unclear, these peaks can be assigned to the
stretching vibrations of C—H and Si-C [23].
PMPS—mteMA exhibited Raman peaks at similar
wavenumbers, with a shoulder peak at 705 cm™!
assigned to C—S bonding. This peak is located on
the outermost surface of the Raman depth profile.
Generally, the penetration length of a green laser
is approximately 500 nm for a silicon wafer [24,
25]. Although our polysilane-related compounds
possess organic moieties, we predict that their
penetration length will have the same tendency as
that of other polysilane-related compounds.
Therefore, the PMPS-mteMA film contained
S—CH3 on its surface. As a film of Product-15

680 700 720 740 760 780
Wavemumbers (cm1)

| (b) C-S bonding

Wavemumbers (cm1)

680 700 720 740 760 780
Wavemumbers (cm1)

Fig. 6. Depth profile of Raman spectra of (a) PMPS,
(b) PMPS-mteMA, and (c) Product-15.
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was not film formation properties, the depth
profile of Raman spectrum did not have a
good resolution. However, Product-15 exhibits
a similar Raman spectrum in this wavenumber
range with PMPS-mteMA. We could not
determine the detailed arrangement of the MPS,
mteMA, and glcMA units from 'H-NMR and
GPC analyses; however, the location of mteMA
in the film could provide insight into the
fabrication of a device structure.

Conclusion

Polysilane copolymers modified with two
methacrylate ~ species = were  successfully
synthesized using a polysilane as the photoradical
initiator. The products obtained were polysilane
blocks of 2-(methylthio)ethyl methacrylate and
glycidyl methacrylate. The products retained the
optical and thermal characteristics of the
polysilane. Furthermore, the film fabricated using
the product has a specific location where the
surface primarily shares a methylthio group.
These properties can be used to fabricate
bioelectronic devices in the future.
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By casting the aqueous suspension of the mixture of BMAB and m-MTDATA, mixed
molecular glass microspheres could be fabricated, whereas just dome-shaped particles of
single BMAB were obtained using an aqueous suspension of BMAB. Resulting mixed
glass microspheres of BMAB and m-MTDATA were found to exhibit photomechanical
behaviors similar to those of single BFIAB and PBAB glass microspheres as previously
reported, whereas photomechanical behaviors of microdomes of BMAB were not so much
obvious. Upon grazing-angle irradiation of the mixed glass microspheres of BMAB and
m-MTDATA with s-polarized laser beam, photomechanical shape changes took place to
form peculiar shapes with curved horns.  On the other hand, grazing-angle irradiation with
p-polarized laser beam induced photomechanical rolling motion to transport on a substrate
away from the light source.

Keywords: Photomechanical Behavior, Azobenzene, Amorphous Molecular Material,

Glass Transition Temperature

1. Introduction

Photomechanical behaviors observed for organic
photochromic materials have been attracting
attentions especially since the findings of
reversible photoinduced bending motions of
azobzenene-based liquid crystalline polymer films
[1,2], reversible photoinduced shape changes of
diarylethene-based  microcrystals  [3], and
photoinduced surface relief grating (SRG)
formation of azobenzene-based amorphous
polymer films upon interference irradiation with
two coherent laser beams [4,5]. A variety of
photomechanical behaviors observed for a series of
photochromic molecular crystals and polymer
films have been reported so far. Among these,
photomechanical rolling motion is one of the most
attracting phenomena that is expected to find
practical application. = Photomechanical rolling
motions of a ring-shaped continuous film of
azobenzene-based  liquid-crystalline  elastomer
upon UV and visible light irradiation [6] and the
motions of wheels and helical ribbons composed of

Received March 25,2023
Accepted May 7, 2023

azobenzene-containing liquid crystalline network
polymer to transport on the substrate upon single
UV irradiation [7] have been reported.

We have been studying the creation of
photochromic amorphous molecular materials [8-
10] and among these studies, a variety of
photomechanical behaviors have been found using
azobenzene-based amorphous molecular materials
[11-22]. They include SRG formation on the
amorphous molecular films [11-13], mass flow at
the surface of the amorphous films and transport of
the crashed particles on the substrate upon oblique
irradiation with single p-polarized beam [14,15],
photoinduced bending motion of molecular glass
fibers where bending direction could be
controllable by changing the polarization direction
of incident laser beam [16,17], photoinduced
striped pattern formation and the subsequent band-
like structure formation of the amorphous film
prepared on agar gel due to twinkling of the film
depending on the polarization direction of incident
laser beam [18]. With regard to the particles of
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azobenzene-based molecular glasses fixed in agar
gels, they exhibited drastic photoinduced shape
changes to elongate parallel to the polarization
direction of the incident laser beam to form wavy
string-like structures [19-21] and the ends of
resulting string-like structures were found to be
helical with rather left-handed screw [21]. All of
these photomechanical behaviors of azobenzene-
based amorphous molecular materials depended on
the polarization direction of the incident laser
beam and can be explained by considering that the
molecules tend to move and/or vibrate parallel to
the polarization direction of the incident visible
laser beam accompanied by photochromic trans—
cis and cis—trans isomerization reactions.

Very recentlyy, we have found novel
photomechanical behaviors including rolling
motions observed for molecular glass microspheres
of BFIAB and PBAB [22]. Grazing-angle
irradiation of their microspheres with s-polarized
laser beam induced drastic shape changes to form
peculiar shapes with curved horns. In contrast,
grazing-angle irradiation with p-polarized laser
beam induced transport of the microspheres away
from the light source.  Observation of the
behaviors from the side indicated that
microspheres exhibited rolling motion to transport
on the substrate. For gain further information
about these photomechanical behaviors, molecular
glass particles of single BMAB and of the mixture
of BMAB and m-MTDATA with micrometer size
were fabricated on a substrate and their

o

Lc @N/N (‘ Gt

BFIAB
(Tg: 97 °C)

PBAB
(Tg: 48 °C)

0,0
? ?
oy oINS %Q Gy

m-MTDATA
(Tg: 75 °C)

BMAB
(Tg: 27 °C)

Fig. 1. Molecular Formula of BFIAB, PBAB, BMAB,
and m-MTDATA with Tg.

photomechanical behaviors were investigated in
the present study. Fig. 1 shows molecular
formula of BFIAB, PBAB, BMAB, and m-
MTDATA together with their glass transition
temperatures (Tg).

2. Experimental

Molecular glass particles of BMAB with
micrometer sizes were prepared on the transparent
glass substrate as follows. A 0.25 mL of THF
solution of BMAB (20 mg mL™) was rapidly
added into hot water (2 mL) at ca. 80 °C with
stirring. The resulting suspension was casted on
the substrate on standing at room temperature. It
was then dried under reduced pressure in a
desiccator for more than 3 h. For preparing the
mixed particles of BMAB and m-MTDATA with a
molar ratio of 7:3, similar procedure has been
made using THF solution of the mixture of BMAB
(10.56 mg mL™") and m-MTDATA (9.44 mg mL™")
instead of the THF solution of BMAB.

Photomechanical behaviors were investigated
using the same set-up as that for studying the
photomechanical behaviors of single BFIAB and
PBAB microspheres upon grazing-angle irradiation
[22]. The samples prepared on the substrate were
irradiated with polarized laser beam (488 nm,
CYAN-488-100 CDRH, SpectraPhysics Inc.) with
a grazing angle 6 of 10°.  Polarization direction of
the incident laser beam was controlled by using
appropriate wave plate and polarizer. Irradiated
power of the beam to the sample was 17 mW (ca.
1.7 Wem™) controlled by a variable ND filter.
Time-lapse microphotographs were taken by CCD
camera (VB-7010, KEYENCE) attached to the
optical microscope (Optiphot X2, Nikon Co.).

3. Results and discussion

Sample particles with micrometer sized were
prepared by casting the aqueous suspensions of
BMAB with and without m-MTDATA onto a glass
substrate, followed by drying under reduced
pressure at room temperature. Fig. 2 shows the
optical microphotographs of the side views of
obtained particles of single BMAB and the mixture
of BMAB and m-MTDATA. Whercas BMAB
formed dome-shaped particles, the mixture of
BMAB and m-MTDATA form microspheres on the
substrate similar to the result for BFIAB and
PBAB [22]. Relatively low Tg of BMAB was
assumed to cause the sample to flow and spread
out on the glass substrate during sample
preparation, resulting in such dome shape.
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Mixing with m-MTDATA was suggested to
increase the Tg of the sample, allowing the
formation of microspheres. In fact, Tg of the
mixture of BMAB and m-MTDATA with a molar
ratio of 7:3 was ca. 44 °C, estimated by differential
scanning calorimetry, being higher than that of
BMAB (27 °C). It was also suggested that
microspheres obtained from mixed solutions of
BMAB and m-MTDATA contained both materials
homogeneously without separation.

a) b)

— —

Fig. 2. Side views of the samples prepared on a
substrate. a) BMAB, b) mixture of BMAB and m-
MTDATA. Scale bar: 10 pm.

Fig. 3 shows the histogram of the size of the
mixed glass microspheres of BMAB and m-
MTDATA prepared on a substrate. The average
diameter and standard deviation were 10.2 pm and
3.4 pm, respectively. The result was almost
similar to those for single BFIAB and PBAB
microspheres [22].

60
40
S
>
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diameter / nm
Fig. 3. Histogram of diameter of mixed microspheres

of BMAB and m-MTDATA prepared on a glass
substrate.

Then, photomechanical behaviors of the
resulting mixed microspheres were investigated.
Upon grazing-angle irradiation with a 488 nm s-
polarized laser beam, drastic shape changes were
observed. As shown in Fig. 4, the microspheres
changed to form peculiar shapes with curved
horns, being similar to the photomechanical
behaviors observed for single BFIAB and PBAB

microspheres [22]. It was assumed that the
molecules in the irradiated region move parallel to
the polarization direction to form horns in both
directions. At that time, the more irradiated
photons were absorbed near the irradiated surface
of the sample than inside, so that the closer side of
the resulting horns to the light source elongate
more efficiently than the opposite side, forming a
curved structure away from the light source.
Such photomechanical behavior was scarcely
observed for BMAB microdome maybe due to
such particle shape and its relatively low Tg.

a) b)

\ 0

Fig. 4. Top view of photomechanical shape change of
mixed microspheres of BMAB and m-MTDATA upon
grazing-angle irradiation with s-polarized laser beam.
Incident beam comes from the right side of the image.
a) Before irradiation, b) After 60 min irradiation.
Scale bar: 10 pm.

In contrast to s-polarized laser beam, grazing-
angle irradiation with 488 nm p-polarized one was
found to induce transport of the mixed
microspheres on the substrate away from the light
source, accompanied by some deformation of their
shapes as shown in Fig. 5. The result was also

similar to those for BFIAB and PBAB
microspheres [22].
a) b)
[+] ra
(-] 0o © <
O ' S

Fig. 5. Top view of photomechanical transport of
mixed microspheres of BMAB and m-MTDATA upon
grazing-angle irradiation with p-polarized laser beam.
Incident beam comes from the right side of the image.
a) Before irradiation, b) After 60 min irradiation.
Scale bar: 10 pm.

For gain further information, we investigated the
photomechanical motion viewing from the side.
As shown in Fig. 6, the mixed microspheres of
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BMAB and m-MTDATA were found to deform
upon grazing-angle irradiation with p-polarized
beam and roll to transfer away from the light
source. Such photomechanical rolling motion
was quite similar to those observed for single
BFIAB and PBAB microspheres [22] and could be
explained as follows. When the microsphere was
irradiated with p-polarized laser beam at the
grazing angle, photomechanical deformation took
place in the direction parallel to the polarization
direction of the incident beam to move to both
upper and lower sides. With regard to upper side,
molecules fall back in the direction of the original
sphere like the curved horn formation observed
when using s-polarized beams. With regard to
lower side, molecules reached to the substrate and
then push against it, generating driving force to
exhibit rolling motion to transport. After such
process, the newly revealed surface was irradiated
and the same process was repeated.

Fig. 6. Side view of photomechanical rolling motion
of a mixed particle of BMAB and m-MTDATA upon
grazing-angle irradiation with p-polarized laser beam.
Incident beam comes from the right side of the image.
Scale bar: 10 pm.

Fig. 7 shows the size dependence of the
transporting speed upon grazing-angle irradiation
with p-polarized laser beam. As well as single
PBAB and BFIAB glass microspheres [22], the
average speeds during 60 min irradiation were
found to increase with decreasing the size of the
mixed microspheres of BMAB and m-MTDATA.
Regarding single BMAB particles, such

photomechanical transport was scarcely observed
maybe due to relatively low Tg of BMAB. Thus,
increasing in Tg of the material by mixing with m-
MTDATA played an important role for
photomechanical behaviors of the microspheres.
In addition, it was suggested that not only BMAB
but m-MTDATA molecules also moved in the
mixed particles upon irradiation. Fig. 7 indicated
that the average transport speeds of mixed
microspheres were similar to those for PBAB
microspheres rather than for BFIAB microspheres.
In fact, average speeds for BFIAB, PBAB, and the
mixed microspheres with diameter of 5-10 um
were 0.45, 0.14, and 0.18 um min', respectively.
It was suggested that the higher Tg of the material
was favorable for photoinduced transport probably
because the higher viscosity of the material upon
irradiation could produce larger mechanical power
to push the substrate. Thus, the Tg of the material
was suggested to be an important factor in
characterizing its photomechanical behavior.

—_
o
]

o8?
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avarage speed / um min™"!
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o

diameter / nm

Fig. 7. Dependence of the average transport speed on
diameter of the microsphere before irradiation. a)
circle: BFIAB, b) triangle: PBAB, c) square: mixture of
BMAB and m-MTDATA.

4. Conclusion

We have investigated the fabrication of
microparticles of the single BMAB and the
mixture of BMAB and m-MTDATA on a substrate
and their photomechanical behaviors upon grazing-
angle irradiation. = Whereas microdomes were
obtained for single BMAB, microspheres were
fabricated on a glass substrate for the mixture of
BMAB and m-MTDATA by casting their aqueous
suspension onto a substrate. Although dome-
shaped particles of single BMAB did not show so
much obvious photomechanical behaviors, the
mixed glass microspheres of BMAB and m-
MTDATA exhibited photomechanical shape
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changes and rolling motions upon grazing-angle
irradiation with s- and p-polarized laser beams,
respectively, similar to those observed for single
BFIAB and PBAB microspheres. It was
suggested that the increasing in Tg of the material
by mixing with m-MTDATA into BMAB played an
important role for fabrication of microspheres and
their photomechanical behaviors.
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In single-wafer wet processes, the surface etch rate is strongly dependent not only on the
concentration and temperature of the chemicals but also on the structure of the formed liquid
film flow. The two-fluid jet method, widely used in the single wafer process, will cause a
different liquid film structure from the single liquid jet. In this study, we investigated the
liquid film structure formed by a two-fluid jet where many droplets are sprayed with a high-
velocity air stream. Using a fiber-optic probe, we measured the liquid film thickness
distribution by changing the air and water flow rate. The liquid film just below the irradiation
is thicker than the single liquid jet and rapidly decreases around it, and circular hydraulic
jumps occur at a greater distance. The jump radius varied significantly depending on the air
flow rate and the temperature of the liquid. The different liquid film structure formed by the
two-fluid jet differs in the areas that are just below the irradiation and hydraulic jump,
expected different chemical reactions occur.

Keywords: Cleaning, Two-fluid jet, Liquid film thickness, Optical fiber

1. Introduction

In the wet processes of semiconductor
manufacturing, such as resist removal and cleaning,
the surface etch rate is the most important parameter
and must be accurately predicted. In the
semiconductor manufacturing process, which has
changed from a batch type to a single wafer type [1],
the surface etch rate depends not only on the
concentration and temperature of the chemical
solution but also on the thickness and velocity
distribution of the liquid film on the wafer surface
[2-5], so it is necessary to clarify the flow conditions
on the wafer surface. Although the liquid film
structure on the wafer surface has been well
investigated for single liquid jet flows [6-8], the
liquid film structure formed on the sprayed surface
for two-fluid jets needs to be clarified. This study
investigated the liquid structure of liquid and gas

Received March 30, 2023
Accepted May 9, 2023

mixture sprayed surfaces [9-11].

The surface etch rate on a rotating wafer has been
investigated for wafer rotation speed and chemical
properties. It is known to vary with rotation speed,
temperature, flow rate, flow velocity, and viscosity.
Staudegger et al. [12] show that the etch rate on the
outside of the wafer only dominates the wafer
rotation speed because the chemical flow is almost
exclusively in the direction of rotation. On the other
hand, the area directly under the jet shows a high
etch rate and depends on various parameters. For
example, since fluid turbulence is directly related to
the etch rate under the jet, changing the velocity
distribution of the fluid inflow causes a large change
in the etch rate [13]. The two-fluid jet method,
widely used in single wafer processing, mixes air
and water and injects them, so the surface liquid
film structure is expected to be very different from
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that of a single liquid jet.

In this study, we investigated the liquid film
structure formed on the jetting surface using an
optical fiber probe [14-16] to improve the cleaning
performance of the two-fluid jetting method. This
study investigates the distribution of liquid film
thickness formed by a two-fluid jet with controlled
air and water flow rates and compares the liquid
film thickness formed on the surface of a single
liquid jet. We compare the film structure from the
point of circular hydraulic jumps estimated based on
the continuity equation [17] and the velocity
boundary layer thickness of the liquid film flow. We
especially compared the locations where the
predicted circular jumps occur. As a result, the
liquid film immediately below the two-fluid jet was
thicker than that of the one-fluid jet. The film
thinned rapidly around the impinging region,
resulting in a possible liquid film rupture of the
inner structure of the hydraulic jump. The hydraulic
jump radius varied greatly depending on the air flow
rate and the fluid temperature.

2. Experimental

Figure 1 shows a schematic diagram of the
experimental setup. We set a 150 mm diameter
aluminum circular disk placed 7 mm vertically
downward from the exit of an air nozzle with a 3.2
mm outlet diameter. We measured the formed liquid
film thickness by the two-fluid jet with an optical
fiber probe placed at the center of the aluminum
plate. The two-fluid jet was generated by mixing
water with high-speed air flow from an upstream air
tank at the nozzle. We controlled the air and water
flow rates by using regulators and valves
downstream of the compressor and measured the
flow rate with a flow meter.

Figure 2 shows the optical system for measuring
the liquid film. We emitted a laser light from an
optical fiber and measured the intensity of the
reflected light from the gas-liquid interface to
determine the thickness of the liquid film. The laser
power connected to the fiber-optic probe is 10 mW,
and the input light is split into two at a 50:50 split
ratio by a 2x2 coupler. The light is emitted from the
end face of the probe into the liquid phase and then
reflected at the gas-liquid interface where the
refractive index difference is large. We use a
photodiode and recorder to record the intensity / of
the reflected light returning to the probe.

We conducted calibration experiments to clarify
the relationship between the reflected light intensity
I and the liquid film thickness. Figure 3 shows the

results of the calibration experiment. The results of
liquid film thickness distribution measurements
were calculated based on the results of this
calibration experiment.
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We performed a series of experiments for a
constant water flow rate of 200 mL/min and four air
flow rates of 50, 75, 100, and 125 L/min. For each
set of experiments, the liquid film thickness was
measured at 75 radial positions at 1 mm intervals
from just below the nozzle to the edge of the
aluminum disk. We measured the film thickness
with a recording time of 1 s and a sampling rate of
100 kHz.

3. Results and discussion
3.1. Different air flow rates.

Figure 4 shows a typical experimental result of
averaged film thickness distribution. The liquid film
thickness below the nozzle shows about 200 pum,
regardless of the liquid flow rate, and the film
increases rapidly at a certain position. This is a
circular hydraulic jump. The jump radius increases
with increasing air flow rate.

To evaluate the distribution of liquid film
thickness formed on the two-fluid jetting surface,
we compared it with the theoretical model of a
liquid film formed on the liquid jetting surface. The
liquid film thickness /4 profile formed on the surface
of a liquid jet with a circular hydraulic jump can be
estimated based on the continuity equation [17],

q a?

hzZnszﬁ'

€y

Here ¢, R, v, and a are the water flow rate, jump

radius, radial velocity, and jet diameter, respectively.

Note that the liquid film distribution estimated for
this inviscid fluid is thinner than that for a normal
viscous fluid, i.e., a fluid developing a boundary
layer.
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Fig. 4. Time averaged film thickness distribution
formed by two-fluid jets with a comparison of the
theoretical model.

By comparison with the theory, a thick film is
formed just below the nozzle for all airflow
conditions. The high-speed air flow ejected from the
nozzle stagnates in the stagnation zone near the wall
and is then deflected to the wall jet. This effect
results in a thicker liquid film just below the nozzle.
On the other hand, the film thickness at a position
far enough from the nozzle diameter becomes
thinner due to the high-speed airflow and
approaches the thickness formed during a single
liquid jet impact. This result indicates that the liquid
film becomes very thin around the jet rather than
directly under it, indicating the need for caution for
the rupture of the film.

3.2. Different liquid temperatures.

Next, we discuss the liquid temperature effects on
the liquid film structure. We performed additional
experiments with a 50 °C temperature liquid. Figure
5 shows the measured liquid film thickness
distribution with an airflow rate of 50 L/min. The
figure shows that the hydraulic jump radius
increases with the liquid temperature.
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Fig.5. Liquid film thickness profiles for different water

temperatures (20 and 50 °C).

One model proposes that a hydraulic jump occurs
when the boundary layer reaches the thickness of
the liquid film [17]. The boundary layer thickness
6 assuming that the horizontal velocity v, isequal
to the impinging velocity of the jet can be calculated
as follows [17],

vr
6o |[—. (2)
)

Here v and r are the kinematic viscosity and radial
distance. The kinematic viscosity of 50°C water is
almost half of 20°C water, so the boundary layer
thickness is about 1.4 times greater for the 20°C
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water at the same radial position. This is
quantitatively consistent with the difference in jump
radius position shown in Figure 5.

4. Conclusion

The liquid film thickness formed by the two-fluid
jet is an important parameter concerning the etch
rate. However, the knowledge about liquid film
structures formed by many droplets with airflow is
limited compared to liquid film structures by single
liquid jets. Using a fiber-optic probe, we measured
the liquid film thickness distribution formed by a
two-fluid jet. We found the thicker liquid film
formed by the two-fluid jet just below the nozzle
due to a stagnant region in the high-speed airflow.
Moreover, the liquid film thickness around the
impingement region approaches the inviscid liquid
jet impact. We also confirmed the formation of
circular hydraulic jumps as in liquid jets. The radius
of the hydraulic jump increased with increasing air
flow rate. Therefore, care is needed for the rupture
of the thin liquid film inside the hydraulic jump.
Furthermore, the liquid temperature also changes
the jump radius because the viscosity is related to
the velocity boundary layer thickness. We plan to
investigate the etch rate on the two-fluid jet
impingement surface and the liquid film thickness
on a rotating disk.
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The reaction of atomic hydrogen with fluoropolymers was investigated to clarify
mechanism of surface modification. The atomic hydrogens were genareted by decomposition
of Hy gas on a heated W mesh. We call the surface-tretament atomic hydrogen annealing
(AHA). As the AHA treatment time incresed, chemical bonds in polytetrafluoroethylene
(PTFE) was changed from -CF,-CF»- to -CH,-CF,-, -CHF-CF»-, and CF3 below 200 °C. In
the fluoropolymer films containing O atoms, named FO, both F and O atoms reacted with
atomic hydrogen, however, the F atoms were preferentially removed by AHA compared to O
atoms. The comparison with thermal treatment indicates that the surface modification was
not due to thermal effect but to chemical reaction of atomic hydrogen such defluorination.
From the comparison to soft X-ray irradiation, the AHA modificates the fluoropolymers
without excess damage.

Keywords: Atomic hydrogen annealing, Surface modification, Fluoropolymers,

Polytetrafluoroethylene

1. Introduction

Polymer materials are cheap, light, and tlexible.
Such materials are expected for use as substrates for
next-generation flexible semiconductor devices
[1,2]. Fluoropolymers such as
polytetrafluoroethylene  (PTFE) show many
excellent properties such as high chemical
resistance, high thermal resistance, low relative
permittivity, and low dielectric loss tangent. A
micro-fluidic device for the application to a micro-
total analysis system (u-TAS) using PTFE has been
investigated. However, PTFE is difficult to modify
and microfabricate due to its excellent chemical and
thermal stability, and there are no reports of PTFE
being applied to microchemical chips. In addition,
the hydrophobicity of PTFE makes it difficult for
liquid to flow in the channel. The modification and
microfabrication of PTFE are important for the
realization of PTFE-based devices and have been
investigated using X-rays [3,4], electron beams [5],
ions [6], and plasma [7].

Atomic hydrogens, in other words, hydrogen
radicals, are generated by catalytic cracking
reaction on a heated catalyst [8,9]. We proposed a

Received March 30, 2023
Accepted May 18, 2023

surface treatment method wusing the atomic
hydrogen, named as atomic hydrogen annealing
(AHA) [10-20]. In AHA, the hydrogen molecules
are decomposed by the catalytic cracking reactions
on the heated tungsten (W) catalyst placed near the
sample. The decomposition efficiency of H, is much
higher on heated catalyst surface than in gas phase
such as plasma process [21]. The AHA method
treats on a large area sample simply by spreading
the catalyst widely without plasma damage.

The technique is applied to surface cleaning of
carbon contamination [19,22] and native oxide
[20,23] and photoresist removal [24-27]. In addition,
the surface modifications of plastic substrates,
namely, polyvinyl chloride (PVC) [11,19],
polyethylene (PE) [11], polypropylene (PP) [11,19],
polyethylene naphtahalate (PEN) [13,19], and poly
methyl methacrylate (PMMA) [28] have been
investigated for controlling the surface properties. It
was found that the surface modification depended
on the constituent elements (halogen and oxygen
atoms) of the polymer and the surface protrusion
formation was realized by combination of the
chemical reaction of atomic hydrogen (depletion of
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oxygen and halogen atom and/or decomposition of
main chain) and the enhancement of etching effect
due to local heating [19]. However, the surface
modification of PTFE using atomic hydrogen has
never investigated.

In this study, the reaction of PTFE and
fluoropolymers with atomic hydrogen was
investigated from the change in the surface property.
Fluoropolymer films containing oxygen were also
used to investigate the difference in reactivity of
atomic hydrogen toward C-F and C-O. The
mechanism of surface modification was discussed
by comparison with soft X-ray irradiation and
thermal treatment.

2. Experimental

Commercial PTFE substrate (UNIVERSAL CO.

LTD., 300 X300 0.5 mm in size) were used. The
PTFE substrate was cut to 14 X 28 mm. In addition,
to investigate the difference in reactivity of atomic
hydrogen toward C-F and C-O, fluoropolymer films
containing O atoms, named FO, were prepared on
single crystal Si (c-Si) substrates. The FO films
were obtained from a fluoride coating agent (Fluoro
Surf, FG-3650C-20, FLUORO TECHNOLOGY) of
100 pl using a spin coater at 1000 rpm for 30 s. The
FO contains not only C, F atoms but also O atoms
as C-OH and O=C-OH. The film thickness of FO
was 4 um.

The AHA apparatus used in this study and the
concept of AHA are shown elsewhere [19]. In AHA,
the hydrogen molecules are decomposed on a
heated catalyst (W mesh). A 55x55 mm? W mesh
with a wire diameter of 0.03 mm and having 50
holes/inch was heated to 1700 °C by electrical
heating in H, atmosphere. The applied voltage and
current of W mesh were 12.1 V and 30.6 A,
respectively. The flow rate of H, and gas pressure
were 100 sccm and 30 Pa, respectively. The distance
between the W mesh and the sample was 80 mm.
The AHA treatment time (taua) was varied. The
temperature of PTFE surface was measured by a K-
type thermocouple (TC) attached on a PTFE
substrate by a polyimide film tape (Kapton tape,
3M). In the FO/c-Si substrate, the sample
temperature was measured by a K-type TC attached
on a c-Si substrate by a ceramic bond (ARON
CERAMIC D, TOAGOSEI).

To compare the AHA with other method, the FO
film was irradiated with soft X-rays at BLO7A in
synchrotron radiation facility NewSUBARU. The
light source of BLO7A is a 2.28 m undulator. The
storage-ring energy was 1 GeV. The photon energy

incident on the sample was 550 eV corresponding to
the O 1s orbital level of 532.5 eV. The beam size
measured with a fluorescent plate on the sample
surface was 7.5 x 7.5 mm. The storage-ring current
was 350 mA. The experiments were carried out
using a monochromator to select the photon energy,
because other order harmonic lights are included
with an undulator source without a monochromator.
The irradiation time was 120, 600, 1800, and 3600
s. The pressure was 5 x 107 Pa during soft X-ray
irradiation. The sample temperature was measured
with a K-type thermocouple in contact with the Si
substrate. Under all conditions, the maximum
temperature was the same as 40 °C. Furthermore,
the change in surface property of FO film by
thermal treatment was carried out. The FO/Si
substrates were heated at 140, 200, 250, and 300 °C
for 1800 s in air.

The surface properties were evaluated using X-
ray photoelectron spectroscopy (XPS; ULVAC, PHI
5000 VersaProbe). For wide XPS spectra, an energy
step of 0.2 eV, a pass energy of 117.4 eV, a dwell
time of 20 ms, and 5 repeats were used. For narrow
XPS spectra of C 1s, O 1s, and F 1s, an energy step
of 0.2 eV, a pass energy of 23.5 eV, a dwell time of
100 ms, and 10 repeats were used. For the XPS
measurements, a neutralizer gun was used to
suppress the charge.

3. Results and discussion
3.1. Surface modification of PTFE
The C 1s spectra of the PTFE subjected to AHA
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Fig. 1. C 1s XPS spectra of AHA-treated PTFE
substrates.
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were shown in Fig. 1. Before AHA, the C-C and -
CF,-CF»- peaks were observed at 284.6 and 292.0
eV, respectively. The C-C peak was attributed to
surface contamination of the PTFE substrate. At
tana of 1800, 2400, and 3600 s, the C-C peak
disappeared. This shows that the carbon
contamination was removed by chemical reaction
with atomic hydrogen [19]. At a tana of 7200 s, the
C-C peak attributed to -CH»- was clearly observed
at 284.6 eV. Several small peaks were observed
between the large peaks of -CH,-CH»- and -CF»-
CF»-. These may be C-F related binding peaks.
However, the small peaks were analyzed as C-O
related binds because O 1s peak was observed. The
origin of O is considered to be atmospheric oxygen
or water vapor. Dangling bonds were formed by F
abstraction during AHA and the C- bound to O after
air exposure. Thus, the C-OH, C-O-C, and O=C-OH
peaks were observed at 285.7, 286.9, and 289.0 eV,
respectively. At a tana of 12000 s, the -CF>-CF,-
peak at 292.0 eV became broader due to the
presence of -CHF-CF»-, and CF; peaks at 291.3 and
293.5 eV, respectively. These changes were related
to substitution of H to F and breaking of CF» bond
by atomic hydrogen and a part of (-CF»-CFz-),
structure was changed to (-CHF-CF-),, (-CF»-
CHz-)n, (-CHF-CHF-),, and CF [29]. The changes
from 7200 to 12000 s are thought to be caused by
the following processes. First, F of PTFE surface is
replaced by H. When -CHF is formed, the steric

hindrance is smaller than elsewhere, so the
following reactions are expected to occur
preferentially.
0.4
PTFE
—& CF/CF,
9 03_ _._CFSJ[CFQ i
s
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o
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AHA treatment time (s)

Fig. 2. Peak area ratio of CF/CF; and CF3/CF; in
PTFE as a function of tapa. The insets show
schematic of the C 1s spectra.

CHF-+H — -CH,-+ HF (1)
-CHF-CF>- + 2H — -CHF-CHF-+HF  (2)
_CHF-CHF- + 4H — -CH,-CH,-+2HF (3)

In this case, both the -CH,-CH;- and -CF,-CF,-
are detected (tana of 7200 s). As the tana increases
further, -CH,-CH;- reacts with H and is desorbed as
CHa. In this case, -CH,-CH;- decreases and other
CHF-related peaks appear as the terminal group
increases (tana of 12000 s).

The tana dependences of peak area ratio of
CF/CF; and CF3/CF; estimated from decomposition
of C 1s spectra are shown in Fig. 2. In this case, the
area ratio was estimated from peak fitting of CF, CF»,
and CF; at 291.3, 292.0, and 293.5 ¢V in C s,
respectively. At the taua of 12000 s, small peaks on
the low energy side were included as CF. As the tama
increased to 1800 s, the CF/CF, and CF3/CF;
increased. The tana dependence of CF/CF, was
related to reaction of CF, to CHF. In addition, the
CF; formation occurred by breaking of main chain
of -CF»-CF»- by atomic hydrogen. Furthermore, the
CF/CF;, and CF3/CF; decreased as taua increased to
7200 s. The tendency was related to the change from
CF; to CH,. The breaking of the main chain of -CF,-
CF»- increased both CF/CF; and CF3/CF; from 0.03
to 0.36 and CF3/CF; from 0.06 to 0.31 at 12000 s.

3.2. Surface modification of FO (fluoropolymer
containing oxygen)

The difference in reactivity of atomic hydrogen
toward C-F and C-O was investigated using FO
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Fig. 3. XPS wide spectra of the pristine FO film,
AHA-treated, soft X-ray irradiated, and thermal
treated FO films.
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film. The surface cracks and color change were
visually observed in FO irradiated with soft X-rays.
The XPS wide spectra of the pristine FO, the FO
films subjected to AHA, soft X-ray irradiated, and
thermal treated FO films are shown in Fig. 3. From
the XPS wide spectra, the intensity of F 1s peak was
decreased by AHA. At a tana of 10800 s, the Si 2s
and 2p peaks were observed. This indicates that the
FO film on c-Si was etched by atomic hydrogen.
The etching rate was estimated at last 1.9 nm/s.
Although the O 1s peaks remained even at 3600 s,
the F 1s peaks disappeared even at 120 s after soft
X-ray irradiation. Furthermore, the wide spectra
showed little change due to thermal treatment even
at 300 °C.
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To discuss the chemical reaction of FO, the
atomic concentrations were estimated from the peak
areas of C 1s, F 1s, and O 1s. The F/O, O/C, and F/O
ratios of the FO are shown in Fig. 4. The F/O, O/C,
and F/O ratios decreased with increasing tama.
Although both F and O atoms react with atomic
hydrogen, the F atoms are preferentially removed by
AHA compared to O atoms from the decrement of
F/O ratio.

In the soft X-ray irradiation, the F/O ratio
decreased to below 0.02 even at 120 s. On the other
hand, the O/C ratio was not decreased by soft X-ray
irradiation. The F/C ratio of FO film subjected to
soft X-ray irradiation was smaller than that
subjected to AHA. However, the O/C ratio of the FO
film subjected to soft X-ray irradiation was slightly
larger than that subjected to AHA.

In the thermal treatment, the O/C, F/C, and F/O
ratios were not changed at 140 °C. This temperature
is the saturated sample temperature during AHA at
1800 s. This indicates that the removal of F and O
atoms from FO film is due to a chemical reaction
rather than a thermal effect. The O/C and F/C ratios
were slightly increased with increasing treatment
temperature above 200 °C. It was considered that O
atoms in the FO were desorbed as CO and or CO;
by high thermal treatment. The F/C is thought to
have increased because of the simultaneous
desorption of C and O atoms.

To further investigation the reaction, the C 1s, F
Is, and O 1s spectra are shown in Fig. 5. All the
treatment time was 1800 s. The C-OH, O=C-OH, CF,
CF», and CF; peaks in the C 1s spectra were reduced
by AHA. However, the CF, and O=C-OH peaks
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Fig. 5. C 1s (a), F 1s (b), and O 1s (c) spectra of
the pristine FO, AHA-treated, soft X-ray
irradiated, and thermal treated FO films. The
treatment time was 1800 s.
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remained after AHA. In contrast, the C-F related
peaks were reduced by soft X-ray irradiation.
Although the O=C-OH peak decreased, the C-OH
and C=0 bond remained after soft X-ray irradiation.
The O=C-OH interacted more strongly with soft X-
rays than C-OH and C=O. The F 1s peak intensity
significantly decreased and full width at half
maximum (FWHM) increased from 2.0 to 3.9 due
to soft X-ray irradiation in contrast to pristine FO
film. Two obvious components were detected in the
O 1s spectra of the pristine, AHA-treated, and
thermal-treated FO films, attributed to O=C-OH and
C-OH [30]. In the soft X-ray irradiation, the single
component was detected. This indicates that the
O=C-OH is more easily removed in soft X-ray
irradiation. The C 1s, F 1s and O 1s spectra were not

Normalized peak area
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Fig. 6. Normalized area ratio (a) and FWHM (b)
of each bond in FO as a function of taga.

Normalized peak area

0.0 0.5
0 500 1000 1500 2000 0 500 1000 1500 2000
AHA treatment time (s) AHA treatment time (s)
(a) (b)

Fig. 7. Normalized area ratio (a) and FWHM (b)
of each bond in FO as a function of soft X-ray
irradiation time.

changed by thermal treatment at 140 °C.

The C 1s peak in the pristine GO was
decomposed to C-C, C-OH, C=0, O=C-OH, CF,
CF, and CF3 bonds at 284.6, 285.6, 286.6, 287.2,
288.8, 291.1, 291.8, and 293.8 eV, respectively.
Normalized area ratio and FWHM of each bond
peaks as a function of tana are shown in Fig. 6. The
C-O and C-F related bonds decreased with
increasing taua. For the C-O related bonds, the
O=C-OH was preferentially removed compared to
the C-OH, C-O-C, and C=0. For the C-F related
bonds, the CF and CF; bonds was preferentially
removed compared to the CF,. The normalized C-C
peak area increased to 1.7. The FWHM of most O
and F related bonds decreased with increasing taua.
This implies that the order of polymer molecules is
improved during the process of removal of O and F
atoms from FO due to atomic hydrogen.
Alternatively, selective etching of low-density
region, which is expected to be highly reactive with
atomic hydrogen, may be occurring.

The dependences of soft X-ray irradiation time
on the normalized peak area and FWHM are shown
in Fig. 7. The C=0 peak area changed drastically,
but the C=0 peak was too small to be accurately
separated from the C 1s spectra. Therefore, further
explanation is omitted. It was found that O=C-OH,
C-OH, and C-O-C were more likely to be etched in
that order. In contrast to AHA, the FWHM and
fluctuation of the C-O related bonds was larger. The
process of F abstraction by soft X-ray irradiation
was shown to reduce the order of polymer
molecules due to irradiation damage.

3.3 Reaction of atomic hydrogen with PTFE and FO
First, the mechanism of surface modification of
PTFE is discussed in terms of the bond dissociation
energy and thermal properties of PTFE. The bond
dissociation energies of C-C and C-F are 3.8 and 4.7
eV, respectively [31]. It is expected that the C-F
bond is more difficult to break because of its higher
binding energy, but in fact, the C-F bond was
preferentially broken and desorbed. This is because
the bonds between C atoms in main chain are
protected by F atoms covering the gaps. In AHA, the
atomic hydrogen first causes a F depletion reaction,
followed by a reaction affecting the C-C bond.

The glass transmission temperature, heat
resistance temperature, and melting point of PTFE
are 115, 260, and 327 °C, respectively. The surface
temperatures of PTFE at 600, 180, 3600, 7200, and
12000 s were 110, 140, 170, 190, and 200 °C,
respectively. Although the surface properties of



258

J. Photopolym. Sci. Technol., Vol. 36, No. 4, 2023

PTFE were changed at 7200 and 12000 s, the
difference in surface temperature was small as 10
°C. The large change in surface properties between
7200 and 12000 s was due to difference in treatment
time, not surface temperature.

The changes in C 1s spectra indicate that the
atomic hydrogen reacts with F of -CF,- chains and
some F atoms are removed by AHA. The speculated
reactions of F removal from -CF»- are as follows.

CF,-+H — -CF-+HF (4)

The surface modification was accomplished by
the abstraction reaction of F with atomic hydrogen.
In H, plasma treatment, the F abstraction reaction
by hydrogen has been reported [7].

Next, the mechanism of surface modification of
FO by atomic hydrogen is discussed in comparison
with soft X-ray irradiation. The C-C bonds of main
chain of FO are protected by the surrounding F
elements as in PTFE, but are not completely
protected by the C-OH and O=C-OH groups added
to provide wettability. The bond dissociation
energies of C-O, C=0, and O-H are 3.7, 7.6, and 4.8
eV, respectively [32]. As mentioned above, in AHA,
the CF and CF; bonds were preferentially removed
compared to CF, bond due to steric hindrance as
well as PTFE. This may be because CF and CF; are
located at terminal or sites that are not affected by
steric hindrance. The reactivity of each bond with
atomic hydrogen was independent of dissociation
energy. In the soft X-ray irradiation, X-rays
penetrate deeper than the depth of the XPS
measurement, so there is no steric barrier effect. In
addition, the transmission of soft X-ray depends
more strongly on the elements than on the chemical
bonds. The 550 eV was used to excite the electrons
in O 1s orbital. The C-O related bonds were
expected to be broken by electron excitation, while
C-F bonds are preferentially removed by soft X-ray
irradiation. Details are under consideration. The
surface cracks and color change were visually
observed in FO subjected to AHA in comparison
with soft X-rays. It is shown that AHA modificates
the FO film without excess damage.

4. Conclusion

The surface modification of PTFE and FO was
realized by AHA at low temperature. In the surface
modification of PTFE, it was shown that chemical
reaction with atomic hydrogen depended on the
molecular structure in which F surrounds the main
chain of carbon. From the comparison to soft X-ray

irradiation, the  AHA modificates the
fluoropolymers without excess damage.
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We have developed the photopolymers with pendant POSS group based on the synthetic
approach using maleic anhydride, which was reacted with 2-hydroxyethyl methacrylate to
enable the simultaneous incorporation of methacryloyl group for photocuring and carboxy
group for solubilization in aqueous developers. Several photopolymers were prepared with
different methacrylate component, which affects the physical properties of the resulting
photopolymers. Investigation of the characteristics of the obtained photopolymers in
comparison with a control sample revealed that the pendant POSS group as well as
incorporated alicyclic structure enhance the thermal, low dielectric, and photoresist

properties.

Keywords: Polyhedral oligomeric silsesquioxane, Maleic anhydride, Negative tone
photoresist, Dielectric properties, Polymer Film

1. Introduction

Photoresist polymers have become essential
materials for electronic devices production [1,2].
Recent progress of those devices in processing
ability and downsizing requires continuous
improvement of the physical properties of the
photoresist polymers such as thermal stability,
mechanical properties, and electric properties. To
this end, organic-inorganic hybrid polymers have
been energetically explored as the promising
candidate owing to its superior properties
compared to the purely organic materials [3].
Polyhedral oligomeric silsesquioxane (POSS) is
the widely used inorganic component that can be
easily connected to organic structures with its Si
atom [4-6], leading to better dispersion at the
molecular level compared to blending inorganic
fillers such as silica. The incorporated POSS
groups contributes to not only good thermal and
mechanical properties but also low dielectric
constant [7-9], which is an important property for

Received March 30, 2023
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the insulating materials such as solder resists and
sealants.

While the POSS-containing polymers have been
widely explored, the ones for photoresist materials
are relatively limited. The POSS-containing
photoresists have been mainly researched for 157
nm lithography because of the good transparency
of POSS at 157 nm [10-12]. Other examples
include photoresists for 193 nm [13—15] and 248
nm [16-19] lithography, while the study of
g-/h-/i-line photoresists, which have long been
commonly used in the industry, are further limited
[20-22]. Chang and co-workers reported pendant
POSS-containing copolymers for negative-tone
photoresists using mercury short arc lamp [20,21].
These copolymers possess rich alcohol groups in
addition to carboxy groups at the side chains,
which enhanced the interchain interaction by
hydrogen bonding to increase the rate of
photopolymerization and thus increase the
photosensitivity. On the other hand, such enriched
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hydrophilicity could offset the merits given by
incorporated POSS groups such as low dielectric
constant and water absorption.

In this study, we designed the POSS-containing
photoresist copolymers synthesized using maleic
anhydride (MA), which can react with alcohols to
produce carboxy group. Using the alcohols with
polymerizable groups such as 2-hydroxyethyl
methacrylate (HEMA) enables simultaneous
incorporation of both photopolymerization ability
and solubility in an aqueous developer to the
resulting polymers while forming requisite
minimum OH groups. We investigated the
synthesis, physical properties, and photoresist
properties of the MA-based POSS-containing
photopolymers. In addition, the effect of
incorporation of alicyclic structures, which would
be beneficial for thermal properties with its rigidity
and low dielectric properties with its non-polar
structures, was also investigated.

2. Experimental Section
2.1. Materials

All solvents and reagents were purchased from
Sigma-Aldrich, Wako Pure Chemical Industries,
Tokyo Chemical Industry (TCI), or Kanto
Chemical, and used as received unless otherwise
noted. Liquid monomers were purified by
distillation under reduced pressure before use.
Methacrylpropylisobutyl POSS  (‘BuPOSSMA)
was purchased from Hybrid Plastics and used as
received. 2,2'-Azobis(isobutyronitrile) (AIBN) was
purified by recrystallization from methanol before
use.

2.2. Measurements

FT-IR spectra were recorded on a JASCO Inc.
FT/IR4600 spectrometer. 'H-NMR measurements
were carried out at 298 K using acetone-ds or
DMSO-ds as the solvent on a JEOL JINML-ECZ-
400 or INM-ECA-600 instrument. UV—vis spectra
were recorded on JASCO Inc. V-650 spectrometer.
Number- and weight-average molecular weights
(M, and M,,) were determined by gel permeation
chromatography (GPC) with Tosoh HLX8220
using RI detectors calibrated with polystyrene
standards, using DMF solution of 10 mM LiBr and
10 mM phosphoric acid as the eluent at a flow rate
of 1 mL/min. Differential scanning calorimetry
(DSC) analysis were performed on a Seiko
EXSTAR DSC 6200 at heating and cooling rate of
10 °C/min under N> flow. Thermal gravimetric
analysis (TGA) was performed on a Shimadzu
DTG-60H at heating rate of 10 °C/min under air

atmosphere from 25 to 900 °C. Film thickness
weas measured on Bruker Dektak XT-E. Dielectric
properties were calculated from capacitance
measured at a frequency of 1 MHz using a
Keysight technologies 4275A LCR meter.

2.3. Synthesis of P-1

Representative procedure is as follows (P-1a-2):
To a 200 mL flask were added ‘BuPOSSMA (5.15
g, 5.46 mmol), styrene (St, 3.42 g, 32.8 mmol),
MA (3.22 g, 32.8 mmol) and methyl methacrylate
(MMA, 329 g 32.8 mmol) followed by
dry-Tetrahydrofuran (dry-THF, 52.0 mL, 2.0
mol/L) and AIBN (0.516 g, 3.12 mmol). The
mixture was stirred under argon bubbling for 30
min and stirred 60 °C for 24 h. The product was
reprecipitated in an ethanol (2.00 L). The
precipitate was filtered, washed with ethanol, and
dried under reduced pressure at room temperature
to afford a white solid (11.1 g, 74%).
'TH-NMR (600 MHz, acetone-ds) & (ppm)
7.84-5.81 (br, 5.00H), 4.32-3.42 (br, 2.32 H),
2.42-2.93 (br, 1.81 H), 2.65-1.47 (br, 7.85 H),
1.47-0.80 (br, 6.52 H), 0.80—0.24 (br, 2.40 H).
FT-IR (KBI‘, cm 1)2 2955 (Vc.H), 1859 (Vas C=0,
anhydride), 1781 (Vs C=0, anhydride), 1730 (VC:O, ester), 1455
(vee,ar), 1114 (v si-o-si)-

2.4. Synthesis of P-2

Representative procedure is as follows: (P-2a-2)
To a 100 mL three-neck flask were added P-la
(5.55 g, containing 12.5 mmol of MA moiety)
dissolving by dry-THF (12.5 mL, 1.0 mol/L) and
immersed in an ice bath. To a dropping funnel
were added HEMA (8.13 g, 62.5 mmol),
4-methoxy phenol (MEHQ, 0.16 g, 1.25 mmol)
and triethylamine (TEA, 1.64 g, 16.3 mmol). The
solution was stirred and dropped into a three-neck
flask. The mixture was stirred under argon
bubbling for 10 min and stirred room temperature
for 6 h. The product was reprecipitated in a 0.05
mol% HCI aq. (750 mL) and stirred 1h. The
precipitate was filtered, washed with water, and
dried under reduced pressure at room temperature
to afford a white solid (6.81 g, 95%).
'"H-NMR (600 MHz, acetone-ds) & (ppm) :
7.66-6.24 (br, 5.00H), 6.24-5.88 (br, 0.818 H),
5.88-5.43 (br, 0.754 H), 3.78-3.15 (br, 2.19 H),
3.15-2.40 (br, 2.18 H), 2.40-1.31 (br, 11.9 H),
1.31-0.779 (br, 5.75 H), 0.78-0.229 (br, 2.28 H).
FT-IR (KBr, cm™): 3267 (von), 2953 (ve, aiyi),
1730 (vc-o, ester), 1637 (ve=c, vinyt), 1454 (vec, ar),
1121, 1115 (v si-o0-si).
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2.5.  Time—conversion
polymerization of P-2

Representative procedure is as follows: Polymer
solution was formulated by dissolving 100 mg of
P-2a, 2.15 mg of 2-methyl-1-[4-(methylthio)-
phenyl]-2-morpholinopropan-1-one (Omnirad
907, 5.0 mol% for Methacryloyl group) in
1,4-dioxane (400 mg). All sample films were
prepared by spin-casting of polymer solution on a
CaF, plate. The photo-irradiation was performed
using a Xe lamp (Eagle Engineering CX-04E)
equipped with a band-pass filter (Asahi Spectra
SC0451) at 310 nm with the intensity of 1.58
mW/cm? under No.

study of  photo-

2.6. Photo-sensitivity study of P-2

Representative procedure is as follows: Polymer
solution was formulated by dissolving 100 mg of
P-2a, 2.15 mg of Omnirad 907 (5.0 mol% for
Methacryloyl group) in 1,4-dioxane (400 mg). All
sample films were prepared by spin-casting of
polymer solution on a Si wafer. The photo-
irradiation was performed using a Xe lamp (Eagle
Engineering CX-04E) equipped with a band-pass
filter (Asahi Spectra SC0451) at 310 nm with the
intensity of 1.58 mW/em? under N,. P-2a and P-2e
were developed by dipping in a 0.1 wt% Na,COs
aq. at 25 °C for 60 sec. (P-2a) or 24 sec. (P-2¢) and
rinsed by water. P-2b~d were developed by
dipping in a 1,4-dioxane/water (8/2, v/v) mixture at
25 °C for 18 sec. (P-2b), 40 sec. (P-2¢), or 10 sec.
(P-2d). Photo-sensitivity curve was determined by
plotting the normalized film thickness after the
development against exposure dose.

3. Results and discussion
3.1. Synthesis  of  MA-based
POSS-containing photopolymers

The targeted copolymers were synthesized by 2
steps according to Scheme 1. Prepolymers P-la~c
was first synthesized by radical copolymerization of
‘BuPOSSMA, MA, and styrene (St) in combination
with either methyl methacrylate (MMA) (P-1a),
l-adamantly methacrylate (ADMA) (P-1b), or
isobornyl methacrylate (IBOMA) (P-1c). The
copolymer with only ‘BuPOSSMA, MA, and St
(P-1d) and the one with MA, St, and MMA without
POSS moieties (P-le) were also prepared. The
polymerization was carried out using AIBN as the
initiator in dried THF at 60 °C for 24 h. The FT-IR
spectra of the obtained copolymers showed the
characteristic peaks of carboxylic anhydride at
1859 cm! and 1781 cm’!, confirming the
incorporation of MA in the copolymer. P-la~d
showed Si-O-Si peak at 1114 cm! attributed to the
POSS moiety. '"H-NMR of the copolymers revealed
the MA composition of 29~41 mol%. ‘BuPOSSMA
composition was 2~3 mol% for P-la~c and 7.1
mol% for P-1d. GPC analysis showed comparable
molecular weight of P-la~e around 10000 with a
single peak top in either GPC profile. P-1 was next
reacted with HEMA to produce P-2 with
methacryloyl and carboxy groups. The addition
reaction was carried out using triethylamine (TEA)
as the base in dry-THF at r.t. FT-IR spectra of the
products showed the C=C peak of methacryloyl
group at 1637 cm™' and O-H peaks of the carboxy
group at over 3200 cm™! region due to the addition
of HEMA to the MA moieties in P-1. "TH-NMR

pendant
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Scheme 1. Synthesis of MA-based POSS-containing photopolymers.
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Table 1. Synthesis of the photopolymers with pendant POSS, carboxy, and methacryloyl groups

Polym.  Yield Molar composition (wt%) D.I of M,
(%)  BuPOSS St MA MA X HEMA® value (My/M,)©
MA + HEMA (%) b)

P-la-1 80 0.027 0.263 — 0.387 0.322 — — 15500
(21.0) (22.2) (30.7) (26.1) (2.87)
P-1a-2 74 0.030 0.321 — 0.290 0.359 — — 10600
(22.2) (26.6) (22.6) (28.6) (2.93)
P-1b 82 0.030 0.293 — 0.294 0.382 — — 12200
(16.7) (17.7) (16.8) (48.9) (3.07)
P-1c 77 0.021 0.330 — 0.303 0.346 — — 13300
(12.5) (21.4) (18.4) 47.7) (2.57)
P-1d 70 0.113 0.373 — 0.514 — — — 9220
(54.4) (19.8) (25.8) (3.06)
P-le 90 — 0.271 — 0.413 0.315 — — 9590
(28.1) (40.4) (31.5) (3.67)
P-2a-1 80 0.025 0.265 0.156 0.209 0.344 43 62 20500
(16.9) (19.4) (25.1) (14.4) (24.2) (2.74)
P-2a-2 95 0.026 0.311 0.235 0.104 0.324 69 86 12000
(15.9) (21.2) (35.0) (6.68) (21.2) (2.92)
P-2b 95 0.030 0.246 0.218 0.168 0.338 56 63 15600
(14.5) (13.2) (25.5) (8.49) (38.3) (2.86)
P-2¢ 75 0.030 0.315 0.221 0.124 0.309 64 64 15200
(14.8) (17.0) (26.2) (6.31) (35.6) (2.51)
P-2d 67 0.108 0.368 0.245 0.279 — 47 61 12100
(45.6) (17.1) (25.0) (12.3) (2.94)
P-2e 84 — 0.278 0.201 0.208 0.313 49 89 13900
(22.9) (36.2) (16.1) (24.8) (3.17)

a) Degree of introduction of HEMA to MA moieties determined by "H-NMR. b) Calculated milligrams of
KOH required to neutralize the COOH group in 1 g of a sample. ¢) Estimated by GPC (RI, solvent : DMF,

standard : PSt).

spectra of P-2 revealed the degree of introduction
(D.I.) of HEMA to the MA moieties to be 43~69%.
The above-described synthetic results are
summarized in Table 1.
3.2. Characterization of MA-based POSS-
containing photopolymers

Thermal and dielectric properties of the obtained
photopolymers were next investigated. The results
are summarized in Table 2. Physical properties of
were characterized Thermal properties of P-2 were
evaluated by thermal gravimetric analysis (TGA)
and differential scanning calorimetry (DSC). The
5% weight loss temperature (74s) was in order of

Table 2. Thermal and dielectric properties of the
photopolymers with pendant POSS, carboxy, and
methacryloyl groups

Polymer Te® Tas® Dy D©
P-2a-1 91 195 3.04 0.044
P-2b 118 212 2.75 0.035
P-2¢c 111 207 n.d. n.d.
P-2d 103 204 3.19 0.043
P-2e 92 191 3.75 0.056

a) Determined by DSC (in N2, 10 “C/min). b) 5%
weight loss temperature (TGA, in air, 10 ‘C/min). c)
Determined by LCR meter (1.00 MHz).

P-2b (212 °C)>P-2¢ (207 °C) >P-2d (204 °C)>
P-2a-1 (195 °C) >P-2e (191 °C). The highest value
of P-2b would be due to the rigid, alicyclic
adamantyl group. P-2¢ with alicyclic isobornyl
group and P-2d with rich MA composition also
showed the good 74s. DSC study revealed the glass
transition temperature (7;) of P-2 ranging from
91 °C to 118 °C. The order of T, was same as 7Tgs,
showing that the rigid alicyclic structures
contributed to the thermal properties.

We next investigated the low dielectric
properties, which are important factor particularly
for recent high speed communication devices.
P-2a-1 showed lower dielectric constant (Dx) of
3.04 and loss tangent (Dy) of 0.044 in comparison
with P-2e (Dx = 3.75, Dr = 0.056), which is a
non-POSS-containing control sample of P-2a.
These results indicate that the pendant POSS group
contributed to the low dielectric properties. P-2b,
which possesses adamantyl group instead of
methyl group in P-2a, showed further lower Dy
(2.75) and Dr (0.035) than P-2a-1. The better
properties of P-2b would stem from the adamantyl
group, which possesses non-polar methylene and
methine groups in addition to the rigid cage
structure. These structural characteristics of
adamantyl group are favorable for the low
dielectric properties. Meanwhile, P-2d showed the
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worst low dielectric properties among the herein
tested samples. P-2d possesses the highest
non-polar POSS composition, but the polar COOH
composition is also highest for P-2d. Therefore, the
large Dy and Dy values of P-2d would stem from
the latter factor.

3.3.  Photopolymerization = and  photoresist
properties of MA-based POSS-containing photo-
polymers

The photo-polymerization properties of P-2
were evaluated by time-course FT-IR spectroscopy.
P-2 films with 5 mol% of Omnirad 907 as the
photoinitiator were prepared on a CaF, plate and
irradiated by Xe lamp equipped with the band-pass
filter that transmits ca. 290-470 nm. The C=C
peak of methacryloyl group at 1636 cm™' decreased
as the irradiation (Fig. 1), indicative of the
proceeding of the photo-curing reaction. The
conversion of C=C functionality was plotted as a
function of exposure dose (Fig. 2), which showed
comparable reaction behavior for all P-2 samples.
P-2d showed a bit slower reaction, possibly due to
the relatively rigid backbone structure due to the
rich ‘BuPOSSMA and MA compositions, which
would limit the chain mobility to hinder the
photopolymerization of the pendant methacryloyl
groups. The photoresist properties of P-2 were
investigated. The solubility of each P-2 was first
checked to determine the development conditions.
P-2a-2 and P-2e dissolved in alkaline aqueous
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Fig. 1. Decrease of C=C peak in FT-IR spectra during
the photo-irradiation of P-2a-2 films.
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Fig. 2. Conversion of C=C peak area as a function of
exposure dose during the photo-irradiation of P-2 films.

solutions such as Na,COs; aq. and MesNOH agq.,
while P-2b~d did not dissolve in those solutions.
Herein, the acid values of P-2b~d (61~64) were
much lower than those of P-2a-2 and P-2¢ (86 and
89, respectively), which resulted in the alkaline
solubility. Therefore, the development of P-2a-2
and P-2e films was carried out using 0.1 wt%
aqueous NayCOs solution, while 1,4-dioxane/
water (8/2, v/v) solution was used for P-2b~d.

The characteristic curves of P-2 for the
photoresist properties were obtained by plotting the
normalized film thickness after the development as
a function of exposure dose (Fig. 3). The
sensitivity (Dn"°) was defined as the exposure dose
where the irradiated films retain 50% thickness of
the original film after the development. The D,
of P-2a-2 (7 mJ/cm?) with POSS moiety was much
smaller than that of its non-POSS-containing
counterpart, P-2e (38 mJ/cm?) (Fig. 3a), indicating
that the POSS group contributed to the
enhancement of the sensitivity. Herein, the
photoreaction ratios of P-2a-2 and P-2e at the same
exposure dose were almost the same (Fig. 2).
These results show that P-2a-2 was insolubilized at
fewer reaction ratio of the methacryloyl side chains
compared to P-2e owing to the POSS moiety. On
the other hand, P-2b and P-2¢ with alicyclic side
chains in addition to the POSS group showed
further higher sensitivity with D,** of 2 mJ/cm? for
P-2b and 4 mJ/cm? for P-2¢ (Fig. 3b). These results
indicate that the alicyclic structures also contribute
to the increased sensitivity of the photopolymers.
Meanwhile, the sensitivity of P-2d (D,** = 14 m)J/
cm?) was lower than those of P-2b and P-2c,
probably due to the slower photoreaction of P-2d
as observed in the FT-IR study (Fig. 2).
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Fig. 3. Characteristic curves of (a) P-2a and P-2e

(developer: 0.1 wt% Na>COs aq.) and (b) P-2b, ¢, and

d (developer: 1,4-dioxane/water = 8/2, v/v).

4. Conclusion

In this study, we synthesized the pendant
POSS-containing photopolymers by 2 steps via
radical copolymerization using MA followed by
the addition of HEMA to the MA moiety, and
their physical and photoresist properties were
investigated. The MA-based synthetic protocol
enables the simultaneous incorporation of
methacryloyl group for photocuring and carboxy
group for solubilization in aqueous developers.
The pendant POSS group contributed to the low
dielectric properties and photosensitivity of the
photopolymers. In addition, the incorporation of
alicyclic structures to the photopolymers was
shown to be efficient for enhancement of the
thermal, low dielectric, and photoresist properties
with their rigid and non-polar characters. This
study offers beneficial insight to design improved
photopolymers for various applications.
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