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  The photoluminescence (PL) properties of semi-aromatic polyimide (PI) films and their 
model compounds (MCs) prepared from dianhydrides having a rigid naphthalene core were 
analyzed. The PMMA-dispersed MC and copolymerized PI (CoPI) films derived from 
2,3,6,7-naphthalenetetracarboxylic dianhydride (NTDA) exhibited long-lived 
phosphorescence owing to the suppression of molecular motion by the rigidity of a 
naphthalene core. Additionally, the PMMA-dispersed MC and the CoPI films derived from 
1,5-dibromo derivative of NTDA (DBrNT) exhibited room-temperature phosphorescence 
due to the enhancement of spin-orbit coupling by bromine atoms. The photophysical 
processes of the CoPI films prepared from NTDA/DBrNT and 4,4'-oxydiphtalic dianhydride 
(ODPA) in which the latter absorption band is located at a shorter wavelength than the former 
were analyzed. After UV irradiation, efficient excitation energy transfer occurs from the 
ODPA to NTDA/DBrNT moieties, and only the emission from the latter moieties was 
observed. These results demonstrate that the CoPI films derived from two dianhydrides 
absorbing different UV wavelengths can be used as spectral conversion films that convert a 
wide range of UV-light into longer wavelength visible light. 
Keywords: Polyimide, Copolymer, Naphthalene, Energy transfer, Spectral conversion 

 
 

1. Introduction 
Polyimides (PIs) are a class of super engineering 

plastics, and they are widely used for their high 
thermal, environmental, and radiation stabilities, 
originating from their rigid repeating unit structures 
and strong intermolecular interactions [1–2]. 
Therefore, PIs have been applied in numerous fields, 
including automotive, microelectronic, photonic, 
electronic, and aerospace industries. Owing to their 
characteristic photoluminescence (PL) properties 
and excellent performance, PI films have been 
extensively studied as novel thermally stable 
photoluminescent materials [3–11]. 

The present authors recently reported a novel 
white-light emitting PI film by copolymerizing a 

fluorescent and a phosphorescent PIs [5,12]. 
Moreover, we have also reported that, by 
introducing heavy halogens, iodine and bromine, 
into the dianhydride moiety of PIs, bright 
phosphorescence (Ph) can be observed at room 
temperature owing to the heavy atom effect [13,14]. 
This effect is a phenomenon that introduction of 
metal or heavy halogen into organic fluorophores 
enhances the spin-orbit coupling (SOC) interactions 
and promotes the inter-system crossing (ISC) 
between the excited singlet and triplet states, which 
is generally forbidden [15,16]. Room temperature 
Ph has been expected to be applied to bioimaging 
[17], document security [18], and wavelength 
conversion films [19] because it generally exhibits 
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an emission at longer wavelengths accompanied by 
a much longer emission lifetime than fluorescence 
(Fl) [20,21]. It has been reported that the Ph 
intensity can be significantly increased at lower 
temperatures (e.g. 77 K) due to the suppression of 
local molecular motion [13]. This is because the 
contribution of non-radiative deactivation induced 
by local molecular motion is more significant in the 
Ph processes than in Fl due to the long lifetime of 
triplet excitons [22–26]. It has been difficult to 
develop organic compounds that exhibit long-lived 
Ph at room temperature and in air because Ph is 
easily quenched by molecular motion at higher 
temperatures and triplet oxygen in air. In recent 
years, however, it is strongly in demand to develop 
organic phosphorescent materials which exhibit 
long-lived Ph at room temperature, from the 
perspective of reducing costs and environmental 
impact. For this reason, the development of organic 
long-life phosphorescent materials is now being 
actively pursued [27,28]. In addition, crystalline and 
multi-crystalline silicon (Si) solar cells, which are 
mainly used in practical applications, have low 
absorption coefficients and poor spectral sensitivity 
to sunlight in the ultraviolet (UV) region [29]. 
Therefore, phosphorescent materials exhibiting 
emissions at longer wavelengths than fluorescent 
materials are expected to be used as spectral 
conversion films that convert the UV light to the 
visible light in the longer wavelength range, in 
which Si solar cells have much higher spectral 
sensitivity [30]. 

In this study, we mainly focused on the 
suppression of molecular motion by introducing a 
rigid aromatic structure. It is expected that the 
phosphorescent properties of the PIs derived from 
dianhydrides having an enlarged π−conjugated 

system can be improved due to the suppression of 
molecular motion by strong intermolecular π−π 
stacking. In that sense, the PIs having a rigid 
naphthalene core in the dianhydride moiety are 
expected to undergo restricted molecular motion 
due to the well-packed π-conjugated system in the 
solid state. Firstly, we synthesized imide model 
compounds and PIs using 2,3,6,7-
Naphthalenetetracarboxylic dianhydride (NTDA) 
and evaluated their phosphorescent properties. We 
also synthesized copolymerized PIs (CoPIs) using 
NTDA and another dianhydride which absorbs UV 
light at a different wavelength and investigated the 
efficiency of energy transfer in the excited states 
between the dianhydrides. 

 
2. Experimental 
2.1. Materials. 
  2,3,6,7-Naphthalenetetracarboxylic dianhydride 
(NTDA), 4,4'-(hexafluoroisopropylidene) 
diphthalic anhydride (6FDA) and 4,4'-
oxydiphthalic anhydride (ODPA) were kindly 
supplied by JFE Chemical Co. (Tokyo, Japan), NTT 
Advanced Technology Co. (Tokyo, Japan), and 
MANAC Inc. (Tokyo, Japan) respectively. They 
were purified by drying at 150 °C for 5 h in vacuo 
followed by sublimation under reduced pressure. 
1,5-Dibromo-2,3,6,7-naphthalene tetracarboxylic 
dianhydride (DBrNT) was synthesized and supplied 
by JFE Chemical Co. (Tokyo, Japan). 
Cyclohexylamine (CHA) purchased from Kanto 
Chemical Co. (Tokyo, Japan), N,O-
Bis(trimethylsilyl) trifluoroacetamide (BSTFA), 
polymethyl methacrylate (PMMA), and N,N-
dimethyl acetamide (anhydrous, 99.8%, DMAc) 
from Sigma-Aldrich Japan (Tokyo, Japan), 
chloroform from Wako Pure Chemical Industries, 

Chart 1. Chemical structures of imide compounds (MCs) and CoPIs. 
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Ltd. (Osaka, Japan), trifluoroacetic acid (TFA) from 
Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan), and 
propionic acid from Kanto Chemical Co. (Tokyo, 
Japan) were used without further purification. 
Diaminodicyclohexylmethane (DCHM) from 
Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan) was 
purified by recrystallization from n-hexane, 
followed by sublimation under reduced pressure. 
 
2.2. Synthesis and film preparation of imide model 

compounds (MCs). 
The synthesis scheme of an imide model 

compound (NT-MC) is shown in Scheme 1. CHA 
(1.5 g, 15 mmol) and NTDA (1.26 g, 4.7 mmol) 
were stirred in propionic acid (25 mL) for 30 min. 
The solution was then refluxed at 150 °C for 10 h 
under an N2 flow. After cooling to room temperature, 
the solid was filtered, washed with ethanol, and then 
dried at 80 °C in vacuo. A white powder of NT-MC 
was obtained (1.3 g, 3.0 mmol, 50 % yield) by 
recrystallization from a mixture of chloroform and 
TFA. The other two MCs (Br-MC and OD-MC in 
Chart 1) were prepared in a similar manner by the 
reaction of DBrNT or ODPA and CHA. The 
yellowish powder of Br-MC was obtained (0.26 g, 
0.44 mmol, 60 % yield). The white powder of OD-
MC was obtained (0.43 g, 0.91 mmol, 86 % yield). 
PMMA (0.071 g) was stirred in chloroform (1 mL) 
for 3 h, and NT-MC (0.00037 g, 0.00086 mmol) was 
added to the solution, followed by stirring for 1 day. 
The resulting colorless and transparent solution was 
spin-coated onto a fused silica substrate, followed 
by drying at 100 °C for 1 h. Film of Br-MC and OD-
MC dispersed in PMMA were also prepared in a 
similar manner. The weight fractions of the MCs in 
these films were 1.0 wt%. 
 
2.3. Preparation of PI films. 

The chemical structures of CoPIs, NTDA-
6FDA/DCHM (N6-PI), DBrNT-6FDA/ DCHM 
(Br6-PI), NTDA-ODPA/DCHM (NO-PI), and 
DBrNT-ODPA/DCHM (BrO-PI), are shown in 
Chart 1. A synthesis scheme of N6-PI film is shown 
in Scheme 2. A PI precursor, poly(amic acid)silyl 
ester (PASE), was prepared using the in situ 
silylation method [31]. DCHM (0.2 g, 0.95 mmol) 
and BSTFA (0.26 g, 1.0 mmol) were stirred in 
DMAc (2.6 mL) for 30 min in an ice bath (solution 
I). NTDA (0.064 g, 0.24 mmol) was stirred in 
DMAc (0.5 mL) for 30 min in an ice bath (solution 
II). Solution II was mixed with solution I and stirred 
for 10 min in an ice bath. 6FDA (0.32 g, 0.71 mmol) 
was then added to the solution, followed by stirring 
for 4 h in an ice bath and 2 days at room temperature. 
The resulting colorless and transparent solution was 
spin-coated onto a fused silica substrate, followed 
by soft-baking at 70 °C for 50 min and subsequent 
one-step thermal imidization procedure; film was 
gradually heated from 70 to 220 °C at a heating rate 
of 3.0 °C/ min, and kept at the final temperature for 
1.5 h under an N2 flow. Thus, N6-PI film was cooled 
to room temperature. Br6-PI, NO-PI, and BrO-PI 
films were prepared in the same manner. The CoPI 
films were prepared using the same molar ratios of 
NTDA/DBrNT (25 mol%) to 6FDA and ODPA (75 
mol%). 

  
2.4. Measurements. 
  PL excitation/emission spectra were measured 
with F-7100 luminescence spectrometer (Hitachi 
Hi-Tech, Japan) equipped with an R928 

Scheme 2. Synthesis route of N6-PI. 

Scheme 1. Synthesis of NT-MC. 
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photomultiplier tube (Hamamatsu Photonics, Japan). 
Photoluminescence spectra under vacuum 
conditions were measured using a custom-made 
vacuum chamber (Akada Industry Co., Ltd, Japan) 
installed in the same luminescence spectrometer. 
Spectra were measured after pumping the chamber 
out using a vacuum pump (Xtradry 150-2, Pfeiffer 
Vacuum GmbH, Germany), and the inside pressure 
reached around 10 Pa after pumping for 30 min. 
Photoluminescence spectra at low temperatures 
were measured by mounting the samples on a 
temperature controller (CoolSpek UV USP-203-B, 
Unisoku Co., Ltd, Japan) installed in the same 
spectrometer. Samples were cooled by liquid 
nitrogen supplied from the reservoir into the 
chamber. Photoluminescence quantum efficiency 
(Φtotal) was measured by using a calibrated 
integrating sphere (C9920-02, Hamamatsu 
Photonics, Japan) connected to a multichannel 
analyzer (C7473-36, Hamamatsu Photonics, Japan) 
via an optical fiber link. Fl lifetime measurements 
with a time resolution of less than 1 ns were 
conducted using a PL lifetime measurement system 
(Quantaurus-Tau, C11367−24, Hamamatsu 
Photonics, Japan) at room temperature. The decay 
component was recorded using excitation by 
applying a flashing light-emitting diode (LED) at 
wavelengths of 340 nm and 365 nm. Fl decay curves 
were accumulated until the peak intensity reached 
1000 counts. Ph lifetimes were measured using a 
xenon flash lamp unit (C11567-02, Hamamatsu, 
Japan). Ph decay curves were recorded under 
excitation using two bandpass filters (BrightLine 
340-12 and 360-12, Semlock Inc., USA) whose 
transmission ranges were 334-346 nm and 354-366 
nm, respectively, and the decay signals were 
accumulated for 5 min. The emission decay curves 
were fitted using one to two exponential functions. 
The average lifetime was calculated as ‹τ› = 
ƩAiτi2/Aiτi, where Ai is the pre-exponential factor for 
a lifetime τi. 
 
3. Results and discussion 
3.1. Optical properties of PMMA-dispersed MCs. 
  Figure 1 shows the excitation/emission spectra of 
NT-MC and Br-MC dispersed in PMMA films 
measured at room temperature (293 K), where λex is 
the excitation wavelength, and λem is the monitoring 
emission wavelength. Table 1 summarizes the peak 
wavelengths of excitation and emission spectra (λexp, 
λemp), Stokes shifts (ν), and PL quantum yields 
(Φtotal) of the NT-MC and Br-MC films. Figure 2 
shows the PL decay curves of the MCs dispersed in 

PMMA films measured at room temperature in the 
ambient air and under vacuum conditions. NT-MC 
exhibits two emission peaks at λemp = 398 and 526 
nm. The former peak is readily attributable to the Fl 
emitted from the locally excited π−π transition 
because the PL measured at 400 nm decayed 
exponentially with the longest decay component of 
5.42 ns under atmospheric condition with oxygen, 
and its Stokes shift is relatively small (ν = 1541 cm-

1). By contrast, the latter weak peak is attributable 
to Ph because the PL measured at 525 nm decayed 
with the longest decay component of 1.52 s under 
vacuum condition with a very large ν of 7655 cm-1. 

Br-MC exhibits three emission peaks at λemp = 
416, 527 and 570 nm. The first one is readily 
attributable to Fl because of the small ν value of 

Fig. 1. Excitation (solid line) and emission (dotted 
line) spectra of (a) NT-MC (Inset: enlarged view of 
emission spectrum) (λem = 400, λex = 375 nm) and (b) 
Br-MC (λem = 528, λex = 390 nm). 

Table 1. PL properties of MCs dispersed in PMMA 
and N6-PI/Br6-PI films. 
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vacuum condition with a very large ν of 7655 cm-1. 

Br-MC exhibits three emission peaks at λemp = 
416, 527 and 570 nm. The first one is readily 
attributable to Fl because of the small ν value of 

Fig. 1. Excitation (solid line) and emission (dotted 
line) spectra of (a) NT-MC (Inset: enlarged view of 
emission spectrum) (λem = 400, λex = 375 nm) and (b) 
Br-MC (λem = 528, λex = 390 nm). 

Table 1. PL properties of MCs dispersed in PMMA 
and N6-PI/Br6-PI films. 

1735 cm-1, and the PL measured at 415 nm decayed 
exponentially with the longest decay component of 
1.97 ns under vacuum condition. By contrast, the 
latter two intense peaks are attributable to Ph 
because of the very large ν value of 7698 cm-1 for 
the second one, and the PL measured at 527 nm 
decayed with the longest decay component of 4.98 
ms under atmospheric condition. The fact that the 
same decay curves were observed for the second 
and third peaks indicates that these two peaks 
originate from the same Ph having different 
vibration modes. Notably, these are the first 
observations of the phosphorescence from 2,3,6,7-
naphthalene- diimide and its brominated derivative. 
  The quantum yields of Fl and Ph (Φf, Φp) of NT-
MC and Br-MC were estimated from the Φtotal value 
and the peak areas of the Fl and Ph of NT-MC and 
Br-MC, and the Φ values thus estimated are listed 
in Table 2. The Φp value of Br-MC is significantly 
larger than that of NT-MC, which indicates that the 
efficiency of Ph is drastically increased due to the 
enhancement of ISC by introducing bromine atoms 
to the naphthalene core of NTDA. 

3.2. Optical properties of N6-PI and Br6-PI films. 
  Figure 3 shows the PL spectra of N6-PI and Br6-
PI films measured at room temperature together 
with those of the MCs. Table 1 also summarizes the 
estimated values of λexp, λemp, ν, and Φ for N6-PI and 
Br6-PI films. Note that each of N6-PI and Br6-PI 
exhibits a similar shape of emission spectrum of the 
corresponding MC. It indicates that the 
copolymerization of NTDA or DBrNT with 6FDA 
can maintain the inherent PL properties of the 
naphthalene core imide moieties. Intriguingly, 
6FDA effectively enhances the solubility of PASEs 
in polar solvents, but it does not affect the 
photophysical processes of the CoPIs derived from 
NTDA/DBrNT. 
  As shown in Fig. 4(a), the PL measured at 508, 
520 nm for N6-PI decayed exponentially with the 
longest decay component of 1.77 s at 77 K and 
0.647 s under vacuum condition at 293 K. The PL 
measured at 508 nm of NT-MC also decayed 
exponentially with the longest decay component of 
3.63 s at 77 K. In general, typical Ph lifetime (τp) of 
organic compounds are in the order of µs–ms, and 
τp longer than 100 ms is called ‘long-lived 
phosphorescence lifetime’. Thus, the τps of NT-MC 
and N6-PI are readily categorized as very long-lived 
Ph [32,33]. The molecular mobility restricted by the 
rigid structure of NTDA moiety effectively reduces 
the non-radiative deactivation from the excited 
triplet state. The fact that the decay components of 

Fig. 2. (a) Fl decay curves under atmospheric 
condition (NT-MC: (λex, λem) = (365,400 nm), Br-MC: 
(405, 415 nm) and (b) Ph decay curves under vacuum 
condition (NT-MC: (λex, λem) = (360, 524 nm), Br-MC: 
(360, 527 nm). 

Table 2. PL quantum yields of MCs. 

Fig. 3. PL spectra of (a) NT-MC and N6-PI (λex = 375 
nm), and (b) Br-MC and Br6-PI (λex = 390 nm) (Inset: 
photographs of N6-PI and Br6-PI films). 
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N6-PI are slightly shorter than those of NT-MC 
suggests that the local motion of NT-MC molecules 
dispersed in PMMA is more tightly restricted than 
the NTDA moieties in N6-PI even at 77 K. In other 
words, the local motion of PI chain is not 
completely frozen at this temperature. 
 
3.3. Excitation energy transfer between 

dianhydrides  
Figure 5 shows the excitation/emission spectra of 

OD-MC dispersed in PMMA. OD-MC exhibits an 
excitation band at 330 nm, which is obviously 
different from the excitation wavelengths of NT-
MC and Br-MC (λexp = 375 nm for NT-MC, and λexp 
= 390 nm for Br-MC) (Fig. 1). This suggests that 

each composing dianhydride of CoPIs 
(NTDA/DBrNT and ODPA) could be selectively 
excited by adjusting the excitation wavelength of 
UV irradiation. 

Figure 6 shows the emission spectra of NO-PI 
excited at 340 and 375 nm. NO-PI exhibits two 
emission peaks at λemp = 405 and 570 nm regardless 
of the excitation wavelength. This clearly indicates 
that the emissions from NTDA and ODPA moieties 
cannot be separated in NO-PI by changing the 
excitation wavelength. As mentioned above, OD-
MC exhibits an emission peak at around 400 nm 
which is close to that of NT-MC. Meanwhile, the PL 
of OD-MC exhibited a Fl lifetime (τf) of 5.9 ns and 
Ph lifetime (τp) of 885 ms at 77 K, and these are 
distinctly different from those of NT-MC (τf =5.42 
ns, τp =3.63 s). Thereby, the emission process of 
NO-PI could be analyzed from the PL decay curves 
observed by the excitation of ODPA moiety at 340 
nm and that of NTDA moiety at 360 or 365 nm. In 
case that the PL is only emitted from the NTDA 
moiety, the decay curve should be fitted by single 
component, whereas in case that the PL is emitted 
from both the NTDA and ODPA moieties, the decay 
curve could be composed of two components 
having different slopes, which can be used to 
characterize the major emitting component in the 
CoPIs. 

Figure 7 shows the Fl decay curves of NO-PI 
excited at 340 and 365 nm and measured at 405 nm, 
together with the Ph decay curves excited at 340 and 
360 nm at 77 K and measured at 570 nm. Both the 
decay curves show single component decays. Table 
3 summarizes the Fl and Ph lifetimes (τf, τp) of NO-
PI. The Fl lifetimes of the dianhydride moiety in the 
copolymer should be shorter than those of the 
homopolymers, though the Ph lifetime of NO-PI are 
significantly longer than those of ODPA-based 
homopolyimide (τf = 7.0 ns, τp = 619 ms). These 
facts suggest that the PL of NO-PI is emitted not 

Fig. 4. Ph decay curves (a) measured under vacuum 
condition at 293 K (λex = 360 nm, NT-MC: λem = 524 
nm, N6-PI: λem = 520 nm) (b) measured at 77 K under 
nitrogen atmosphere (λex = 360 nm, λem = 508 nm) of 
NT-MC and N6-PI. 

Fig. 6. Excitation (blue solid line, λem = 404 nm) and 
emission (purple dotted line) spectra of NO-PI excited 
at 340 and 375 nm. 

Fig. 5. Excitation (solid line, λem = 409 nm) and 
emission (dotted line, λex = 340 nm) spectra of OD-
MC dispersed in PMMA. 
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the NTDA moieties in N6-PI even at 77 K. In other 
words, the local motion of PI chain is not 
completely frozen at this temperature. 
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emission peaks at λemp = 405 and 570 nm regardless 
of the excitation wavelength. This clearly indicates 
that the emissions from NTDA and ODPA moieties 
cannot be separated in NO-PI by changing the 
excitation wavelength. As mentioned above, OD-
MC exhibits an emission peak at around 400 nm 
which is close to that of NT-MC. Meanwhile, the PL 
of OD-MC exhibited a Fl lifetime (τf) of 5.9 ns and 
Ph lifetime (τp) of 885 ms at 77 K, and these are 
distinctly different from those of NT-MC (τf =5.42 
ns, τp =3.63 s). Thereby, the emission process of 
NO-PI could be analyzed from the PL decay curves 
observed by the excitation of ODPA moiety at 340 
nm and that of NTDA moiety at 360 or 365 nm. In 
case that the PL is only emitted from the NTDA 
moiety, the decay curve should be fitted by single 
component, whereas in case that the PL is emitted 
from both the NTDA and ODPA moieties, the decay 
curve could be composed of two components 
having different slopes, which can be used to 
characterize the major emitting component in the 
CoPIs. 

Figure 7 shows the Fl decay curves of NO-PI 
excited at 340 and 365 nm and measured at 405 nm, 
together with the Ph decay curves excited at 340 and 
360 nm at 77 K and measured at 570 nm. Both the 
decay curves show single component decays. Table 
3 summarizes the Fl and Ph lifetimes (τf, τp) of NO-
PI. The Fl lifetimes of the dianhydride moiety in the 
copolymer should be shorter than those of the 
homopolymers, though the Ph lifetime of NO-PI are 
significantly longer than those of ODPA-based 
homopolyimide (τf = 7.0 ns, τp = 619 ms). These 
facts suggest that the PL of NO-PI is emitted not 

Fig. 4. Ph decay curves (a) measured under vacuum 
condition at 293 K (λex = 360 nm, NT-MC: λem = 524 
nm, N6-PI: λem = 520 nm) (b) measured at 77 K under 
nitrogen atmosphere (λex = 360 nm, λem = 508 nm) of 
NT-MC and N6-PI. 

Fig. 6. Excitation (blue solid line, λem = 404 nm) and 
emission (purple dotted line) spectra of NO-PI excited 
at 340 and 375 nm. 

Fig. 5. Excitation (solid line, λem = 409 nm) and 
emission (dotted line, λex = 340 nm) spectra of OD-
MC dispersed in PMMA. 

from the ODPA moiety but from the NTDA moiety. 
This is well supported by the fact that the emission 
lifetimes of NO-PI are close to those of NT-MC. 
When the ODPA moiety of NO-PI is selectively 
excited at 340 nm, both the Fl and Ph were emitted 
only from the NTDA moiety. This result indicates 
that when the ODPA moiety is irradiated by UV 
light at 340 nm, efficient excitation energy transfer 
immediately occurs from the ODPA to NTDA 
moieties, and then the NTDA moiety emits the PL. 

In the same manner, Fig. 8 shows the emission 
spectra for BrO-PI excited at 340 and 390 nm. BrO-
PI exhibits two emission peaks at λemp = 428 and 548 
nm regardless of the excitation wavelength. The 
emission peaks of BrO-PI can be separated into 
those from DBrNT and ODPA moieties because 
OD-MC and Br-MC exhibited emission peaks at 
different wavelengths (λemp = 398 nm for OD-MC, 
and λemp = 416 and 527 nm for Br-MC). BrO-PI 
exhibits emission peak not at around 400 nm but at 
around 420 and 520 nm, which suggests that the 
ODPA moiety in BrO-PI does not emit the major 
part of PL but the DBrNT moiety emits. When the 
ODPA moiety of BrO-PI is selectively excited at 
340 nm, the Fl and Ph of BrO-PI were emitted only 
from the DBrNT moiety. These facts also indicate 
that when the ODPA moiety is irradiated at 340 nm, 
efficient excitation energy transfer immediately 
occurs from the ODPA to DBrNT moieties, and then 
the DBrNT moiety emits the PL. 

Accordingly, these results clearly demonstrate 
that the copolymerization of NTDA and DBrNT 
with ODPA having different excitation wavelengths 
is a facile and versatile method to incorporate and 
enhance the energy transfer mechanisms in the 
excited states, which enables to absorb a wide 
wavelength range of UV light and convert to the 
useful visible light in the longer wavelength region 
with desirable efficiency. Moreover, it is 

demonstrated that NO-PI can convert a wide 
wavelengths range of UV light to long-lived 
phosphorescence emission through excitation 
energy transfer, and BrO-PI can convert UV light to 
room temperature phosphorescence at a longer 
wavelength of 520 nm. This green light emission is 
well suited for the spectral response of conventional 
crystalline Si-type solar cells. 
 
4. Conclusion 
  The optical absorption and PL properties of three 
kinds of MCs dispersed in PMMA and four kinds of 
CoPIs prepared using two dianhydrides containing 
a rigid naphthalene core (NTDA/DBrNT) were 
analyzed. It was clarified that copolymerization 
with 6FDA can maintain the inherent luminescence 
properties of NTDA/DBrNT moieties. 6FDA 
endows precursors (PASEs) with excellent 
solubility without interference in the photophysical 
processes of NTDA/DBrNT moieties. It was 
clarified that the restricted molecular mobility by 
the rigid and planar structures of NTDA and DBrNT 
moiety reduces the non-radiative deactivation from 

Fig. 8. Excitation (orange solid line, λem = 540 nm) and 
emission (brown dotted line) spectra of BrO-PI 
excited at 340 and 390 nm. 

Table 3. Fl and Ph lifetimes of NO-PI film. 

Fig. 7. (a) Fl decay curves at room temperature (λem = 
405 nm) and (b) Ph decay curves at 77 K (λem = 570 
nm) of NO-PI. 
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the excited states. It was also demonstrated that the 
CoPIs of NTDA and DBrNT with ODPA having a 
different excitation wavelength can absorb UV light 
in a wide wavelength range. When the ODPA 
moiety in the CoPIs is irradiated at a shorter 
wavelength of 340 nm, efficient excitation energy 
transfer occurs from the ODPA to the 
NTDA/DBrNT moieties, and then bright PL is 
emitted from the NTDA/DBrNT moieties. In 
particular, BrO-PI shows Ph emission at a longer 
wavelength (520 nm) than ODPA-PI. Accordingly, 
this CoPI film is expected to be applied to 
wavelength conversion films which absorb a wide 
range of UV light and readily emit useful and 
valuable visible light at longer wavelengths which 
is well suited for the spectral response of crystalline 
and multi-crystalline Si solar cells. 
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  Crosslinked porous polyimide films were fabricated by a soft-template method using the 
microphase-separated structure based on a template block copolymer. A trifunctional amine, 
1,3,5-tris(4-aminophenyl)benzene (TAPB), was used as a crosslinkable monomer of the 
poly(amic acid) (PAA) to achieve the well-ordered and flexible films. The crosslinking by 
TAPB improved the thermal stability of the nanostructures of the PAA/polystyrene-b-poly(2-
vinyl pyridine) composite films without reduction of the ratio of polyimide. A porous 
polyimide film was successfully fabricated by thermal treatment of a PAA composite film 
that has porous lamella structures and disordered porous structures with approximately 50 
nm gaps based on the nanostructure of the PAA composite films before thermal treatment.  
Keywords: Polyimide, Block copolymer template, Self-assembly, Porous polyimide, 
Crosslinked polyimide 

 
 

1. Introduction 
Polyimides have outstanding mechanical strength, 

heat resistance, and chemical stability and are 
applied to aerospace materials and electronic 
material fields [1]. Among them, porous polyimides 
have both excellent properties of polyimides as well 
as features of porous polymers. Therefore, they are 
expected to advance the development of functional 
materials such as gas separation membranes, low 
dielectric materials, thermal insulators, and 
separators for fuel cells [2–7]. Well-defined porous 
polyimides especially have gathered attention 
because of their excellent properties and controlled 
pore structure. The fabrication of the well-defined 
porous polyimides has been reported using the 
breath figure method [3,8–12], silica-particle 
template method [13–15], and covalent organic 
frameworks [16–18]. In the mesoporous range, only 
a few cases have been reported by the silica sphere 
template method, which uses hydrofluoric acid to 
remove the silica template for the pore-forming, and 
is associated with chemical hazards. Therefore, a 
much simpler method was strongly desired to 
fabricate well-defined mesoporous polyimide films. 

Based on such background, the fabrication of 

ordered mesoporous polyimide films by the soft-
template method has been reported [19–26]. In this 
method, an amphiphilic block copolymer with a 
narrow polydispersity and a well-defined 
composition ratio is used as a template to form 
ordered microphase-separated structures. The 
hydrophilic domain of the block copolymer is 
miscible with poly(amic acid) (PAA) selectively. 
The PAA/block copolymer composite co-assembles 
and forms into an ordered microphase-separated 
structure. The imidization of PAA is carried out by 
heating. Subsequently, the composite film is 
processed by thermal treatment, reactive ion etching, 
or ozonolysis to decompose the template block 
copolymer selectively and create an ordered 
mesoporous structure. This method allows the 
fabrication of ordered mesoporous polyimide films 
by facile and safe processes. Furthermore, this 
method has potential to form various morphologies 
such as spheres, cylinders, lamellae, and 
bicontinuous structures by controlling the volume 
fractions. In those previous works, however, 
decomposing the template block copolymer at high 
temperatures (~380 °C) resulted in the collapse of 
the nanostructure. Although the addition of resol 
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improved the thermal stability of the nanostructure, 
the use of excess amounts of resol might cause less 
flexibility of the film. Therefore, the fabrication of 
mesoporous polyimide films with both of well-
ordered pores and flexibility is still challenging. 

In this context, we hereby a novel fabrication 
method of mesoporous polyimide films using a soft 
template and crosslinkable polyimide instead of the 
use of crosslinkers such as resol (Fig. 1). A 
trifunctional amine, 1,3,5-tris(4-
aminophenyl)benzene (TAPB), was used as a 
crosslinkable monomer of the PAA to achieve both 
order and flexibility of the films. The use of TAPB 
allows crosslinking of the polyimide without other 
crosslinkers such as resol. Polystyrene-b-poly(2-
vinyl pyridine) (PS-b-P2VP) was used as a template 
block copolymer. Well-ordered microphase-
separated structures are expected to be formed by 
strong segregation between the hydrophobic 
domain: PS and the hydrophilic domain: P2VP. The 
microphase-separated structures of the composite 
films were characterized by small-angle X-ray 
scattering (SAXS) and Transmission electron 
microscopy (TEM). Furthermore, promising PAA 
composite films were treated in sequential processes, 
thermal imidization of PAA, and the thermal 
degradation of PS-b-P2VP. The successful 
fabrication of the mesoporous polyimide film was 
demonstrated by SAXS, field emission scanning 
electron microscopy (FE-SEM), and Fourier 
Transform-Infrared spectroscopy (FT-IR). 
 
2. Experimental 
2.1. Materials 

Oxydiphthalic anhydride (ODPA), 1,3-bis(3-
aminophenoxy)benzene (BAPB), 1,3,5-Tris(4-
aminophenyl)benzene (TAPB), styrene, 2-
vinylpyridine (2VP), were purchased from Tokyo 
Chemical Industry Co., Ltd (Tokyo, Japan). ODPA 
and BAPB were purified by sublimation at 270 °C 
and recrystallization from water/methanol = 1/1 
(v/v), respectively. TAPB was used as received. 

N,N-dimethylformamide(DMF) was purchased 
from FUJIFILM Wako Pure Chemical Corporation 
(Osaka, Japan) and was stirred over calcium hydride 
(CaH2, Nacalai Tesque) overnight then distilled 
under reduced pressure. Styrene and 2VP were 
stirred with CaH2 overnight and distilled under 
reduced pressure. The monomers were redistilled 
immediately prior to use over a small amount of di-
n-butylMagnesium (Aldrich) and CaH2, 
respectively, respectively. Sec-Butyllithium (sec-
BuLi, 0.99 M in 95 % cyclohexane and 5 % n-
hexane), tetrahydrofuran (THF, >99.5 %, 
dehydrated and stabilizer free), n-hexane, ethanol, 
and methanol were purchased from Kanto Chemical 
Co., Inc. (Tokyo, Japan), and used as received.  

 
2.2. Characterization 

The inherent viscosity of the PAA was measured 
using an Ostwald viscometer with 0.5 g dL-1 of N,N-
Dimethylacetamide solutions at 30 °C. Nuclear 
magnetic resonance (NMR) was acquired on a 
JEOL JNM-ECS 400 spectrometer (JEOL, Tokyo, 
Japan) at 400 MHz for 1H and 100 MHz for 13C. The 
number-average molecular weight (Mn) and 
dispersity (Mw/Mn) were measured on a 
ShodexGPC-101 with a ShodexLF804 column 
using THF as an eluent. Thermogravimetric 
analysis (TGA) was performed with an EXSTAR 
TG/DTA 7300 (Seiko Instrument Inc., Tokyo, 
Japan) at a heating rate of 3 °C min−1. SAXS were 
measured with a Bruker NanoSTAR (Bruker 
AXSK.K., Kanagawa, Japan, 50 kV per 50 mA, 
CuKα radiation) with a 2D-PSPC detector (camera 
length 1055 mm). TEM was performed using an H-
7650 Zero A (Hitachi, Ltd., Tokyo, Japan) 
microscope at an accelerating voltage of 100 kV. 
The TEM specimens with 80 nm thickness were 
prepared with an ultramicrotome (EM UC7, Leica, 
Wetzlar, Germany) and stained by iodine. FE-SEM 
was performed on an SU-9000 microscope (Hitachi 
High-Technologies Corporation, Tokyo, Japan) at 3 
kV accelerating voltage. The cross-section of FE-

Fig. 1. Schematic image of the fabrication of the porous polyimide. 
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SEM specimens was prepared by breaking a bulk 
sample in liquid nitrogen. FT-IR was measured with 
a JASCO FT/IR-4100 plus spectrophotometer by 
the KBr pellet method. 
 
2.3 Synthesis of PS-b-P2VP 
  PS-b-P2VP was synthesized via living anionic 
polymerization (Fig. 2). 80 mL of dehydrated THF 
was transferred to a 100 mL Schlenk flask and 
cooled to -78 °C in a cool bath. Approximately 0.8 
ml of sec-BuLi was added and the solution turned 
yellow. After 10 min, the Schlenk flask was returned 
to room temperature and the solution became 
colorless. The Schlenk flask was cooled to -78 °C in 
a cool bath again. Subsequently, 110 μL of sec-BuLi 
solution (118 μmol) and 2.65 mL of styrene (23.0 
mmol) were added immediately, which turned the 
solution reddish-brown. After 30 min of stirring, 
1.64 mL (15.2 mmol) of 2VP was added to the 
solution and the color turned to a deep red. After 30 
min of stirring, 10 mL of dry methanol was added 
to quench the reaction and the solution became 
colorless. The obtained proton-terminated polymer 
was precipitated in hexane, vacuum filtered, then 
dried in a vacuum oven at 40 °C for 24 h to obtain a 
white powder of PS-b-P2VP (3.29 g, 82 % yield, Mn, 

SEC = 17,500 g mol-1, Mw/Mn = 1.25, PS91-P2VP77). 
1H NMR (CDCl3, 400  ) δ (ppm): 1.42-2.05 (br, 
CH2, 4H), 2.32 (br, CH P2VP, 1H), 2.88 (br, CH PS, 
1H), 6.35-7.07 (br, Ar PS, Ar P2VP, 8H), 8.08-8.40 

(br, Ar P2VP, 1H). 13C NMR (CDCl3, 100 MHz) δ 
(ppm): 40.3, 42.9, 120.6, 125.6, 127.9, 135.3, 145.1, 
148.6, 164.3. 
 
2.4. Preparation of crosslinked PAA composite 
films 

The synthesis of crosslinked PAAs and the 
fabrication of PAA/PS-b-P2VP composite films 
were performed continuously as follows. PAA 
oligomer terminated with dicarboxylic anhydride 
was prepared by mixing BAPB and an excess 
amount of ODPA in DMF for 3 h at 25 °C. The 
solution was mixed with PS-b-P2VP and 
stoichiometric TAPB and was stirred for 5 min to 
obtain a homogeneous solution. The crosslinked 
PAA composite film was cast on a silicone mold 
from the solution of 10 wt% polymer mixture 
through a membrane filter (pore diameter: 0.2 μm), 
followed by solvent evaporation and crosslinking of 
PAA at 50 °C for 24 h. 
 
2.5. Preparation of porous polyimide films 

Porous polyimide composite films were 
fabricated by thermal treatment of the crosslinked 
PAA composite films at 380 °C for 3 h under 
nitrogen flow (50 mL/min). The imidization of PAA 
and decomposition of PS-b-P2VP were confirmed 
by TGA and FT-IR. The resulting porous polyimide 
films were characterized by SAXS and FE-SEM. 

 

Fig. 2. Synthesis of PS-b-P2VP. 

Table 1. Preparation conditions and characterization of the PAA composite films and porous polyimide films. 
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3. Results and discussion 
3.1. Self-assembly of crosslinked PAA composite 
films 

The nanostructure of the PAA/PS-b-P2VP 
composite films was studied by investigating 
several PAA composite films with different 
composition ratios using SAXS and TEM. The 
composite films were prepared by solution casting 
as follows (Fig. 1 and Table 1). A solution of 
polymers in DMF/THF co-solvent was cast on a 
polytetrafluoroethylene (PTFE) block, and then the 
solvent was slowly evaporated at 50 °C for 24 h. The 
obtained film was dried under reduced pressure at 
50 °C for 24 h. 

The SAXS profile of pristine PS-b-P2VP film 
Sample 1 (Fig. 3 (a)) showed the first scattering 
peak, indicating the formation of a microphase-
separated structure with domain spacing of 21.0 nm. 
The TEM image (Fig. 3 (b)) showed darker and 
brighter linear patterns, suggesting the formation of 
a well-ordered lamellar structure. The average 
center-to-center distance of the brighter lines was 16 
nm. 

The SAXS profile of PAA/PS-b-P2VP composite 
film Sample 2 (Fig. 3 (a)) showed higher-order 
scattering peaks with q/q* ratio of 1:2:√7, indicating 
the formation of ordered nanostructures with 
domain spacing of 33.0 nm, where q* was the 
position of the first-order scattering peak. The TEM 
image (Fig. 3 (c)) showed a pattern of brighter dots 
and lines in a darker matrix which corresponds to a 
PS cylinder domain in a P2VP+PAA matrix. 

The SAXS profile of PAA/PS-b-P2VP composite 
film Sample 3 (Fig. 3 (a)) showed higher-order 
scattering peaks with q/q* ratio of 1:2:√7:√12: √21, 
indicating the formation of an ordered nanostructure 
with domain spacing of 25.4 nm. The TEM image 
(Fig. 3 (d)) showed a pattern of brighter dots in a 
darker matrix which corresponds to a PS sphere 
domain in a P2VP+PAA matrix. 

The changing of morphology from the lamella 
structure of the pristine PS-b-P2VP film to PS 
cylinder or sphere structures of the PAA/PS-b-P2VP 
composite film indicates an increase in the volume 
fraction of the hydrophilic domain because PAA is 
miscible with the P2VP segments selectively. 
 
3.2. Self-assembly of PAA composite films 

The effect of crosslinking by TAPB on the 
nanostructure of the composite films was studied by 
investigating three kinds of samples with different 
TAPB molar ratios: Sample 5, Sample 6, and 
Sample 7 (Table 1) with SAXS and TEM. The 
composition ratio for all the samples was (PAA/PS-
b-P2VP = 75/25 wt%), which is the same as that of 
Sample 2. 

The SAXS profiles of Sample 5 and Sample 6 
(Fig. 4 (a) top and middle) showed higher-order 
scattering peaks with q/q* ratio of 1: 2: √7 with 
domain spacing of 37.8 nm and 1: √3: √7 with 
domain spacing of 33.0 nm, respectively. This result 
indicates that cylinder structures were formed. The 
TEM images (Fig. 4 (b) and (c)) showed PS cylinder 
structures that were similar to Sample 2.  

Fig. 3. (a) SAXS profiles and (b-e) TEM images of the PAA/PS-b-P2VP composite films (Sample1~4). (b) Sample 1, 
(c) Sample 2, (d) Sample3, (e) Sample 4. TEM specimens were stained with iodine. 
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The SAXS profile of Sample 7 (Fig. 4 (a) bottom) 
showed higher-order scattering peaks with q/q* 
ratio of 1:2:3, indicating the formation of a lamella 
structure with domain spacing of 29.3 nm. The TEM 
image (Fig. 4 (d)) indicated a mixture of areas where 
brighter and darker lines form clear stripes (near the 
center of the image) and areas where short line-
shaped brighter areas are distributed in the darker 
area matrix (left and upper right of the image).  

Compared Fig. 4 (b) with Fig. 4 (c), a less ordered 
cylinder structure was obtained in Fig. 4 (c). Also, 
partly less ordered lamellar areas were observed in 
Fig. 4 (d). These could be attributed to the 
rearrangement of the polymer chains being limited 
by many crosslinking points because Sample 6 and 
Sample 7 had relatively higher TAPB contents. 
These results suggest that the nanostructures based 
on the self-assembly of the template block 
copolymer could be retained even with relatively 
high TAPB contents. 

 
3.3. Thermal treatment of PAA composite films 

Porous crosslinked polyimide films were 
fabricated by the thermal treatment of crosslinked 
PAA films at 380 °C for 3 h under a nitrogen flow. 
The imidization of PAA and degradation of PS-b-
P2VP were confirmed by TGA and FT-IR. 

The TGA profile of the PAA/PS-b-P2VP 
composite film Sample 7 is shown in Fig. 5. The 
TGA curve showed 15.6 % of weight loss at 250 °C, 
corresponding to the dehydration of the PAA during 
imidization and evaporation of the residual solvent. 

Fig. 4. (a) SAXS profiles and (b-d) TEM images of composite films, (b) Sample 5, (c) Sample 6, and (d) Sample 7. 
The TEM specimens were stained with iodine. 

Fig. 5. TGA profile of the PAA/PS-b-P2VP composite 
film (Sample 7). 

Fig. 6. IR spectra of the PAA/PS-b-P2VP composite 
film (Sample 7), before and after thermal treatment. 
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Also, the weight loss corresponding to the 
degradation of the template block copolymer began 
at approximately 350 °C. The final weight of the 
sample was 21.1 % after heating at 380 °C for 3 h, 
indicating that the degradation of the template block 
copolymer successfully completed. 

The FT-IR spectra of Sample 7 before and after 
the thermal treatment are shown in Fig.6. On the 
FR-IR spectra, the peaks at 1779 cm-1(C=O) and 
1371 cm-1(C-N) due to polyimide appeared, and the 
peaks at 1670 cm-1 (C=O) and 1542 cm-1 (C-N) due 
to PAA disappeared, which indicate that the 
complete imidization of the PAA. Moreover, the 
peaks from 2800 cm-1 to 3100 cm-1 disappeared, 
suggesting the degradation of PS-b-P2VP. 
 
3.4. Fabrication and characterization of porous 
crosslinked polyimide film 

The effect of crosslinking on the thermal stability 
of the nanostructure of PAA composite films was 
studied by investigating three kinds of porous 
polyimide film: Sample 5, Sample 6, and Sample 7 
using SAXS and FE-SEM. 

The SAXS profiles of the porous polyimide films 
are shown in Fig. 7 (a). Sample 5 and 6 (Fig. 7 (a) 
top and middle) showed no scattering peaks, 
indicating the collapse of the ordered nanostructures 
in the PAA composite films. Sample 7 showed only 
the first peak, indicating that the nanostructures still 
remained after the thermal treatment.   

The FE-SEM images of Sample 6 (Fig. 7 (b) and 
(c)) showed both the areas with no pores (Fig. 7 (b)) 
and the area with pores with several hundred nm of 

diameter (Fig. 7 (c)). This result indicates that the 
ordered cylindrical nanostructure collapsed, 
probably due to some fluidity of the polyimide 
because of lack of crosslinking. 

The FE-SEM images of Sample 7 showed that 
porous lamella structures (Fig. 7 (d)) and disordered 
porous structures (Fig. 7 (e)) with approximately 50 
nm gaps. These porous structures are likely derived 
from the lamella structures and disordered 
structures of the PAA composite film, Sample 7 (Fig. 
4 (d)). 

Thus, it could be concluded that crosslinked 
mesoporous polyimide films have been successfully 
obtained via the soft template method using a 
crosslinkable monomer, TAPB. The porous 
polyimide films have both well-ordered 
nanostructures and flexibility. 
 
4. Conclusion 

Porous polyimide films were fabricated via the 
soft-template method using co-assembly of PAA 
and PS-b-P2VP and crosslinking by a trifunctional 
amine, TAPB. The resulting films exhibit both 
flexibility and thermally stable nanostructures. The 
crosslinked PAA composite films formed various 
microphase-separated structures such as lamella, 
cylinder, and sphere, depending on the composition 
ratio of PAA and PS-b-P2VP, and the TAPB content. 
The thermal treatment of the PAA composite films 
gave porous polyimide films based on the 
microphase-separated structures. Further studies 
will be done to expand this methodology to develop 
various porous and high-performance polymer films. 

Fig. 7. (a) SAXS profiles and (b-e) SEM images of porous polyimide films after thermal treatment at 380 °C for 3 h. 
(b,c) Sample 6 and (d,e) Sample 7. 
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microphase-separated structures. Further studies 
will be done to expand this methodology to develop 
various porous and high-performance polymer films. 

Fig. 7. (a) SAXS profiles and (b-e) SEM images of porous polyimide films after thermal treatment at 380 °C for 3 h. 
(b,c) Sample 6 and (d,e) Sample 7. 
 

Acknowledgement 
We are grateful to Ryohei Kikuchi (Open Facility 

Center, Materials Analysis Division, Tokyo Institute 
of Technology) for the TEM and FE-SEM 
observations. This study was financially supported 
by NEDO and JSPS KAKENHI Grant 20H02785. 
 
References 
1. D.-J. Liaw, K.-L. Wang, Y.-C. Huang, K.-R. Lee, 

J.-Y. Lai, and C.-S. Ha, Prog. Polym. Sci., 37 
(2012) 907. 

2. J. L. Hedrick, R. D. Miller, C. J. Hawker, K. R. 
Carter, W. Volksen, D. Y. Yoon, and M. Trollsås, 
Adv. Mater., 10 (1998) 1049. 

3. H. Yabu, M. Tanaka, K. Ijiro, and M. 
Shimomura, Langmuir, 19 (2003) 6297. 

4. S. Shishatskiy, C. Nistor, M. Popa, S. P. Nunes, 
and K. V. Peinemann, Adv. Eng. Mater., 8 
(2006) 390. 

5. G. Li and Z. Wang, Macromolecules, 46 (2013) 
3058. 

6. E. Aram, and S. Mehdipour-Ataei, Int. J. Polym. 
Mater. Polym. Biomater., 65 (2016) 358. 

7. X. M. Tan and D. Rodrigue, Polymers (Basel)., 
11 (2019) 1310. 

8. Y. Tian, S. Liu, H. Ding, L. Wang, B. Liu, and 
Y. Shi, Polymer (Guildf)., 48 (2007) 2338. 

9. X. Han, Y. Tian, L. Wang, C. Xiao, and B. Liu, 
43 (2007) 4382. 

10. A. Martínez-Gómez, C. Alvarez, J. de Abajo, A. 
del Campo, A. L. Cortajarena, and J. Rodriguez-
Hernandez, ACS Appl. Mater. Interfaces, 7 
(2015) 9716. 

11. F. W. Lin, X. L. Xu, L. S. Wan, J. Wu, and Z. K. 
Xu, RSC Adv., 5 (2015) 30472. 

12. L. Xu, Y. Ma, J. Xie, W. Zhang, Z. Wu, and Z. 

He, J. Mater. Sci., 54 (2019) 5952. 
13. H. Munakata, D. Yamamoto, and K. Kanamura, 

Chem. Commun., 0 (2005) 3986. 
14. L. Jiang, J. Liu, D. Wu, H. Li, and R. Jin, Thin 

Solid Films, 510 (2006) 241. 
15. H. Munakata, D. Yamamoto, and K. Kanamura, 

J. Power Sources, 178 (2008) 596. 
16. Q. Fang, Z. Zhuang, S. Gu, R. B. Kaspar, J. 

Zheng, J. Wang, S. Qiu, and Y. Yan, Nat. 
Commun., 5 (2014) 4503. 

17. Q. Fang, J. Wang, S. Gu, R. B. Kaspar, Z. 
Zhuang, J. Zheng, H. Guo, S. Qiu, and Y. Yan, 
J. Am. Chem. Soc., 137 (2015) 8352. 

18. X. Yuan, Y. Wang, G. Deng, X. Zong, C. Zhang, 
and S. Xue, Polym. Adv. Technol., 30 (2019) 417. 

19. C. Wang, T. M. Wang, and Q. H. Wang, Express 
Polym. Lett., 7 (2013) 667. 

20. Y. Liu, K. Ohnishi, S. Sugimoto, K. Okuhara, R. 
Maeda, Y. Nabae, M. Kakimoto, X. Wang, and 
T. Hayakawa, Polym. Chem., 5 (2014) 6452. 

21. L. Gao, K. Azuma, Y. Kushima, K. Okuhara, A. 
Chandra, and T. Hayakawa, J. Photopolym. Sci. 
Technol., 29 (2016) 247. 

22. Y. Nabae, S. Nagata, K. Ohnishi, Y. Liu, L. 
Sheng, X. Wang, and T. Hayakawa, J. Polym. 
Sci. Part A Polym. Chem., 55 (2017) 464. 

23. T. Komamura and T. Hayakawa, J. Photopolym. 
Sci. Technol., 30 (2017) 173. 

24.L. Gao, A. Chandra, Y. Nabae, and T. Hayakawa, 
Polym. J., (2018) 389. 

25. T. Komamura, K. Okuhara, S. Horiuchi, Y. 
Nabae, and T. Hayakawa, ACS Appl. Polym. 
Mater., 1 (2019) 1209. 

26. T. Komamura, K. Azuma, Y. Nabae, and T. 
Hayakawa, J. Photopolym. Sci. Technol., 33 
(2020) 573. 

 
 
 

J. Photopolym. Sci. Technol., Vol. 34, No. 5, 2021

437





Orientation Control of the Microphase-separated 
Nanostructures of Block Copolymers on  

Polyimide Substrates 
 
 

Hayato Maeda, Yuta Nabae, and Teruaki Hayakawa* 
 

Department of Materials Science and Engineering, School of Materials and Chemical 
Technology, Tokyo Institute of Technology, 

2-12-1-S8-36, Ookayama, Meguro-ku, Tokyo 152-8552, Japan 
*hayakawa.t.ac@m.titech.ac.jp 

 
 
  This study aimed to form a perpendicularly orientated lamellar structure with polystyrene-
block-poly(methyl methacrylate) (PS-b-PMMA) by its microphase separation on a polyimide 
substrate. Eight types of polyimides were prepared from different combinations of monomers 
and tested as the bottom layer for the microphase separation of PS-b-PMMA. The surface 
free energies of those polyimide substrates were evaluated by the Owens-Wendt method. 
Thin films of PS-b-PMMA were prepared on the polyimide substrates and the self-assembly 
was induced by thermal annealing, and the surface architecture was observed by atomic force 
microscopy. In the tested polyimide substrates, only one from 2,2-bis[4-(3,4-
dicarboxyphenoxy) phenyl]propane dianhydride (tetracarboxylic dianhydride) and 1,12-bis 
(4-aminophenoxy) dodecane (diamine) showed a perpendicularly oriented lamellar structure. 
This polyimide substrate shows one of the smallest polar components in its surface free 
energy. Relatively large domain size and long correlation length in the PS-b-PMMA layer 
were obtained by optimizing the conditions for fabrication of the polyimide substrate, which 
were prepared by casting the polyimide onto a silicon wafer, followed by thermal annealing. 
These results suggest that the combination of one monomer with relatively large molecular 
weight, which will result in a low density of imide groups, and the other monomer with long 
alkyl chains, which will reduce the polarity of the resulting polyimide, contributes to 
providing a perpendicular orientation.  
Keywords: Block copolymer, Polyimide, Microphase-separated nanostructure, Thin 
films, Orientation control 

 
 

1. Introduction 
Block copolymer (BCP) lithography is 

considered to be one of the promising technologies 
for the next-generation lithography [1–4] In the 
BCP lithography, line and dot resist patterns are 
required to be fabricated by the microphase 
separation of BCPs, to draw circuit patterns on 
silicon substrates. For this purpose, the microphase 
separated lamellar structures are required to be 
perpendicularly oriented against their substrates, 
whereas many of BCPs tend to form parallelly 
oriented lamellae reflecting the interfacial free 
energy of the interfaces consisting of the BCP 
domains, the bottom surface, and the top surface 
(typically air) [5]. In the case of a typical polymer 

for the BCP lithography, polystyrene-block-
poly(methyl methacrylate) (PS-b-PMMA), the 
strong affinity of the PMMA domain and the silicon 
substrate results in a parallel orientation [6]. There 
have been several ways to induce perpendicular 
orientation as follows: solvent annealing [7], 
application of an electric field [8], and modification 
of the substrate by neutral layers [9–20]. The most 
common method is to cast a random copolymer 
(RCP) mainly consisting of PS and PMMA, as a 
neutral layer to balance the interfacial free energies 
of the PS/substrate and PMMA/substrate interfaces. 

On the other hand, the development of flexible 
devices has recently received a great deal of 
attention [21]. For this purpose, polyimides (PIs) 
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have been considered to be suitable for the flexible 
substrate due to their mechanical, chemical, and 
thermal strength. Furthermore, PIs have been 
proven to be biocompatible [22] and are expected to 
be applied in the biomedical field recently [23,24]. 
In this context, technologies for fabricating fine 
circuit patterns onto PI substrates have been 
extensively studied [25,26]. The application of the 
BCP lithography on flexible substrates has also been 
attempted [13,27–32]. In the typical BCP 
lithography on flexible substrates, the perpendicular 
orientation has been achieved by fabricating a 
neutral layer between the substrate and BCP, which 
is a similar approach to those on silicon substrates. 
If the neutral layer becomes unnecessary for the 
BCP lithography on flexible substrates, these 
technologies will be more attractive.  

In this context, our research group has been 
motivated to achieve the direct fabrication of 
perpendicularly oriented lamellae of PS-b-PMMA 
onto PI substrates without any neutral layers. We 
assume that this could be achieved if the interfacial 
free energies of the PS/PI and PMMA/PI interfaces 
are balanced, and the molecular structure of PI 
needs to be carefully designed. Considering the fact 
that PIs can be easily synthesized by 
polycondensation of tetracarboxylic dianhydrides 
and diamines [33], an adequate design could be 
achieved by carefully selecting the molecular 
structures of the monomers.  

The objective of this study is to demonstrate a 
perpendicularly oriented lamella of PS-b-PMMA on 
a PI substrate as illustrated in Fig. 1. Eight types of 
PIs listed in Table 1 were tested as the substrate for 
PS-b-PMMA. The chemical structures of the 
monomers for these PIs are shown in Fig. 2. The PI 
layers were fabricated by casting the solutions of 
poly(amic acid)s (PAAs) and heating the layers on a 
silicon wafer for imidization. The surface free 
energies of the substrates with PIs were evaluated 
by the Owens-Wendt method for the contact angles 
[34]. Thin films of PS-b-PMMA were prepared on 
the PI substrates and thermally annealed to induce 
the self-assembly. The surface architecture of the 
obtained films was characterized by atomic force 
microscopy (AFM). The correlation among the 
monomer structure for PI, the surface free energy of 
PI, and the resulting surface architecture of PS-b-
PMMA is discussed in terms of comparison against 
the self-assembly of PS-b-PMMA on a typical 
neutral layer, a RCP of PS, PMMA, and 
poly(glycidyl methacrylate) (PS-r-PMMA-r-
PGMA). 

 

 
Fig. 1. Schematic illustration for orientation control of 
the microphase-separated lamellar nanostructures of 
block copolymers on a substrate with PI. 
 
Table 1. Combination of the monomers and 
polymerization conditions 
 

 
 
2. Experimental 
2.1. Materials 

Styrene, methyl methacrylate (MMA) and 
glycidyl methacrylate (GMA) were distilled over 
calcium hydride. The purified styrene and MMA for 
living anionic polymerization were further distilled 
over di-n-butylmagnesium and tri-n-
octylaluminium, respectively. 1,1-
Diphenylethylene was distilled over n-butyllithium. 
2,2’-Azobis (isobutyronitrile) was recrystallized 
from methanol (MeOH). PMDA was recrystallized 
from acetic anhydride. 4,4'-
(Hexafluoroisopropylidene) diphthalic anhydride 
(6FDA) was recrystallized from a solution of acetic 
acid and acetic anhydride. 1,4-Phenylene bis (1,3-
dioxo-1,3-dihydroisobenzofuran-5-carboxylate) 
(TAHQ) was recrystallized from 1,4-dioxane. 2,2-
Bis [4-(3,4-dicarboxyphenoxy) phenyl] propane 
dianhydride (tetracarboxylic dianhydride) 
(BPADA) was recrystallized from a solution of 
toluene and acetic anhydride. ODA was 
recrystallized from ethanol. 2,2'-Bis 
(trifluoromethyl) benzidine (TFMB) was 
recrystallized from MeOH. 1,10-Bis (4-
aminophenoxy) decane (DA10MG), 1,12-bis (4-
aminophenoxy) dodecane (DA12MG), and all the 

Label Tetracarboxylic 
dianhydride Diamine Solvent Reaction 

period (h)
ηinh

(dL g-1)
PI1 PMDA ODA DMAc 3 1.27
PI2 6FDA m-Tolidine - - -
PI3 6FDA TFMB DMF 24 0.65
PI4 6FDA DA5MG - - -
PI5 BPDA m-Tolidine - - -
PI6 TAHQ DA10MG NMP 24 0.91
PI7 TAHQ DA12MG NMP 24 0.98
PI8 BPADA DA12MG NMP 3 0.70
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Diphenylethylene was distilled over n-butyllithium. 
2,2’-Azobis (isobutyronitrile) was recrystallized 
from methanol (MeOH). PMDA was recrystallized 
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dioxo-1,3-dihydroisobenzofuran-5-carboxylate) 
(TAHQ) was recrystallized from 1,4-dioxane. 2,2-
Bis [4-(3,4-dicarboxyphenoxy) phenyl] propane 
dianhydride (tetracarboxylic dianhydride) 
(BPADA) was recrystallized from a solution of 
toluene and acetic anhydride. ODA was 
recrystallized from ethanol. 2,2'-Bis 
(trifluoromethyl) benzidine (TFMB) was 
recrystallized from MeOH. 1,10-Bis (4-
aminophenoxy) decane (DA10MG), 1,12-bis (4-
aminophenoxy) dodecane (DA12MG), and all the 

Label Tetracarboxylic 
dianhydride Diamine Solvent Reaction 

period (h)
ηinh

(dL g-1)
PI1 PMDA ODA DMAc 3 1.27
PI2 6FDA m-Tolidine - - -
PI3 6FDA TFMB DMF 24 0.65
PI4 6FDA DA5MG - - -
PI5 BPDA m-Tolidine - - -
PI6 TAHQ DA10MG NMP 24 0.91
PI7 TAHQ DA12MG NMP 24 0.98
PI8 BPADA DA12MG NMP 3 0.70

other chemicals were used as received without 
further purification. The substrates with PI2, PI4 
and PI5 represent the PI using 4,4'-biphthalic 
anhydride (BPDA), m-tolidine and 1,5-bis (4-
aminophenoxy) pentane (DA5MG), respectively, as 
shown in Table 1. The substrates coated with these 
PIs were supplied by a chemical company, and used 
as received. 
 
2.2. Measurements 

1H nuclear magnetic resonance (1H-NMR) for 
PS-b-PMMA and PS-r-PMMA-r-PGMA were 
performed at room temperature on a JEOL ECS400 
spectrometer. The number-average and weight-
average molecular weights (Mn and Mw) were 
determined by the size exclusion chromatography 
(SEC) using a Shodex GPC-101 system equipped 
with a refractive index detector and a LF-804 
column (Showa Denko) with tetrahydrofuran (THF) 
as the eluent. Small angle X-ray scattering (SAXS) 
for the bulk polymer sample was performed using a 
Bruker NanoSTAR (50 kV/50 mA) with a 2D-PSPC 
detector (camera length of 1055 mm). The inherent 
viscosities of the PAAs were determiend by the 
viscometry for 0.5 g dL-1 of polymer solutions in 
N,N-dimethylacetamide (DMAc), N,N-

dimethylformamide (DMF), or N-methyl-2-
pyrrolidone (NMP) at 30 °C using an Ostwald 
viscometer. The thickness of the polymer films was 
measured by a FILMETRICS F20-EXR. Contact 
angles of water and diiodomethane on the PI 
substrates were measured using a Kyowa DM-
501YH. AFM was performed using a JPK 
NanoWizard Ultra Speed AFM system. 
 
2.3. Polymer synthesis 
2.3.1 PS-b-PMMA 

PS-b-PMMA was synthesized via living anionic 
polymerization. All the polymerization procedures 
were performed under an argon purge. THF (50 mL) 
and lithium chloride (11.0 mg, 0.26 mmol) were 
transferred to a 100 mL schlenk flask and then 
cooled to −78 °C. sec-Butyllithium for drying THF 
was added until the color changed to light yellow. 
After treating the flask at room temperature to 
deactivate the sec-butyllithium for drying, the flask 
was cooled again to −78 °C, and sec-butyllithium 
solution in n-hexane (50 μL, 0.05 mmol) was added 
as the initiator. Styrene (1.82 mL, 15.9 mmol) was 
added and stirred for 30 min, until the color changed 
to bright orange, followed by the addition of 1,1-
diphenylethylene (45 μL, 0.26 mmol), resulting in a 

 
 

Fig. 2. Molecular structures and abbreviations of monomers used. 

OO

O

O O

O

PMDA

O

OO

O

O

O

BPDA

CF3F3C

OO

O

O O

O

6FDA

O

O
O

O

O

O

O

O

O

O

TAHQ

O O
O O

O

O O

O

BPADA

H2N O NH2

ODA

NH2H2N

m-Tolidine

NH2H2N

CF3

F3C

TFMB

H2N O O NH2

DA5MG
H2N O

O NH2

DA10MG

H2N O
O NH2

DA12MG

Tetracarboxylic dianhydrides

Diamines

J. Photopolym. Sci. Technol., Vol. 34, No. 5, 2021

441



deep red color. After 30 min of stirring, MMA (2.00 
mL, 18.8 mmol) was added and further stirred for 
30 min, until the solution became colorless. Then, 5 
mL of MeOH (excess amount) purged with argon 
was added to the flask for termination. The polymer 
was precipitated into an excessive amount of MeOH 
and filtered. The residue was dried under a reduced 
pressure overnight to yield whitish powder (2.76 g, 
78% yield). Mn: 46.3 kDa. Mw/Mn: 1.13. ¹H-NMR 
(400 MHz, CDCl₃, δ, ppm): 0.70-1.05 (br, 3H, CH₃), 
1.20-1.55 (br, 2H, back bone CH₂CH), 1.70-2.23 (br, 
3H, back bone CH₂CH, back bone CH₂C), 3.40-3.84 
(br, 3H, CH₃O), 6.33-6.91 (br, 2H, aromatic ortho), 
6.92-7.24 (br, 3H, aromatic meta and para). 
 
2.3.2. PS-r-PMMA-r-PGMA 

PS-r-PMMA-r-PGMA was synthesized via free 
radical polymerization. 2,2’-
Azobis(isobutyronitrile) (0.016 g, 0.1 mmol), 
styrene (1.145 mL, 10 mmol), MMA (1.04 mL, 9.8 
mmol), and GMA (0.021 mL, 0.2 mmol) were added 
to a 20 mL schlenk tube, and the solution was 
degassed by three freeze-pump-thaw cycles and 
backfilled with argon gas. The solution was stirred 
at 80 °C for 2 h. The polymerization was quenched 
by rapid cooling in liquid nitrogen. The crude 
product was diluted with THF, precipitated into an 
excessive amount of MeOH, and filtered. The 
residue was dried under a reduced pressure 
overnight to yield whitish powder (1.59 g, 77 % 

yield). Mn: 54 kDa. Mw/Mn: 2.29. ¹H-NMR(400 
MHz, CDCl3, δ, ppm): 0.24–1.08, 1.10–1.36, 1.37–
2.08, 2.09–2.50, 2.62–3.04, 3.10–3.70, 6.40–7.40. 
 
2.3.3 PAAs 
  All PAAs were synthesized via polyaddition of 
tetracarboxylic dianhydride and diamines. The 
synthetic scheme, combinations of the monomers, 
polymerization conditions, and inherent viscosities 
were presented in Scheme 1 and Table 1. An 
example of the synthesis is as follows. In a 100 mL 
three-necked flask purged with nitrogen, ODA (1.00 
g, 5.0 mmol) was dissolved in 10 mL of DMAc at 
room temperature with a mechanical stirrer. Next, 
PMDA (1.09 g, 5.0 mmol) was added to the solution, 
and the mixture was left to be stirred for 3 h. 
Subsequently, the solution was diluted with 30 mL 
of DMAc and the solution was reprecipitated into an 
excessive amount of MeOH and filtered. The 
residue was dried under a reduced pressure at 40 °C 
overnight to yield yellowish solid. 
 
2.4. Preparation of the bulk sample of PS-b-PMMA 
  The bulk sample for the morphology study was 
prepared by slowly evaporating a dilute solution of 
PS-b-PMMA in chloroform at room temperature, 
followed by drying under reduced pressure at 
170 °C for 24 h. 

 
Fig. 3.  Preparation of (a) RCP substrate, (b) PI substrates, and (c) PS-b-PMMA thin film on each of the substrates. 
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Scheme 1. Synthetic scheme of PAA and PI. 
 
2.5. Preparation of the substrates 
2.5.1. Substrate with a RCP 

Silicon wafer was cut into 1 cm2 piece, and 
sonicated in acetone, chloroform, and isopropyl 
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Scheme 1.  
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  As shown in Fig. 3(c), a PS-b-PMMA thin film 
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Table 2. The surface free energies of the substrates and annealing condition for PS-b-PMMA thin films 
 

 

Substrate
Total surface 
free energy 

(mJ m-2)

Polar
component

(mJ m-2)

Dispersion
component

(mJ m-2)

Annealing condition of 
PS-b-PMMA thin film

RCP(PS-r-PMMA-r-PGMA)
43.1 0.5 42.6

230 ℃, 1 h

RCP(PS-r-PMMA-r-PGMA) 170 ℃, 24 h

PI1(PMDA/ODA)
46.5 1.2 45.3

230 ℃, 1 h

PI1(PMDA/ODA) 170 ℃, 24 h

PI2(6FDA/m-Tolidine) 39.3 1.1 38.2 170 ℃, 24 h

PI3(6FDA/TFMB) 39.0 0.3 38.7 170 ℃, 24 h

PI4(6FDA/DA5MG) 41.5 0.5 41.0 170 ℃, 24 h

PI5(BPDA/m-Tolidine) 45.9 1.7 44.2 170 ℃, 24 h

PI6(TAHQ/DA10MG) 46.7 1.7 45.0 170 ℃, 24 h

PI7(TAHQ/DA12MG) 43.6 1.6 42.0 170 ℃, 24 h

PI8(BPADA/DA12MG) 47.1 0.3 46.8 170 ℃, 24 h

J. Photopolym. Sci. Technol., Vol. 34, No. 5, 2021

443



3. Results and discussion 
3.1. Characterization of PS-b-PMMA 
  PS-b-PMMA was synthesized via living anionic 
polymerization. The volume fraction of the PS 
block was determined as 51 vol% based on the 1H 
NMR spectrum and the polymer densities (PS: 1.05 
g cm-3, PMMA: 1.18 g cm-3) [35].  

The microphase-separated morphology of the 
bulk sample was analyzed by SAXS as shown in Fig 
4. The scattering pattern clearly suggests the 
formation of a lamellar structure, and the d-spacing 
was determined as 33 nm based on the first-order 
scattering peak. Thus, L0 of this polymer was 
considered to be 33 nm in the following study. 

 
Fig. 4. SAXS 1D profile of a PS-b-PMMA bulk annealed 
at 170 ̊C for 24 h. 

3.2. Orientation property of PS-b-PMMA thin films 
on the substrates 

The surface free energy of each substrate was 
evaluated via the water and diiodomethane contact 
angle measurements based on the Owens–Wendt 
method, and the results are summarized in Table 2. 
In comparison against RCP, the polar components 
of the surface free energies with PI surfaces tend to 
be higher, but some PI surfaces showed similar 
values to that with RCP. The correlation between the 
surface free energy and the resulting microphase 
separation of PS-b-PMMA is discussed in the 
following sections.  

The AFM images of thin films on the RCP and 
PI1 substrates are shown in Fig. 5(a-h). The images 
with the RCP substrate clearly showed fingerprint 
patterns, suggesting the perpendicular orientation of 
PS-b-PMMA (Fig. 5(d)). In contrast, the images 
with the PI1 substrate annealed at 170 °C for 24 h 
(Fig. 5(e)) showed a hole pattern with 1 L₀ depth, 
which was confirmed by the cross-sectional profile 
(Fig. 5(i)). This hole pattern is probably derived 
from the segregation of the PMMA domain on the 
PI1 substrate, as illustrated in Fig. 5(j) [36–38]. This 
suggests that the polarity of PI1 is too high to 
achieve the perpendicular orientation, and PI 
substrates with less polarity will be of interest. 
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Fig. 5. AFM (a) height and (b) phase images (scale: 5 μm × 5 μm) of the PS-b-PMMA thin film on the substrate with 
RCP annealed at 170 °C for 24 h. AFM (c) height and (d) phase images (scale: 5 μm × 5 μm) of the film on RCP 
annealed at 230 °C for 1 h. AFM (e) height and (f) phase images (scale: 5 μm × 5 μm) of the PS-b-PMMA thin film 
on the substrate with PI1 annealed at 170 °C for 24 h. AFM (g) height and (h) phase images (scale: 5 μm × 5 μm) of 
the film on PI1 annealed at 230 °C for 1 h. (i) The cross-sectional profile of the white line in the image e. (j) Illustration 
of showing the orientation of e. PS-b-PMMA concentration: 1.2 wt%. 
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the film on PI1 annealed at 230 °C for 1 h. (i) The cross-sectional profile of the white line in the image e. (j) Illustration 
of showing the orientation of e. PS-b-PMMA concentration: 1.2 wt%. 

  The AFM images of thin films on the PI 
substrates are shown in Fig. 6(a-p). The film 
thickness of each thin film was approximately 1.3 
L0 before annealing. While all the PI substrates 
showed hole patterns of PS-b-PMMA, the edges of 
the holes seem to be different among the samples. 
While the images in Fig. 6(i-o) show smooth edges 
for the holes, Fig. 6(p) shows a dotted fringe pattern. 
This difference could be explained as follows. The 
PI substrates for Fig. 6(i-o) probably formed 
lamellar structures as illustrated in Fig. 6(q), and 
such edges could be quite smooth without any 
discontinuous dots. In contrast, if the edge region 

was perpendicularly oriented as illustrated in Fig. 
6(r), the AFM image could show some 
discontinuous dots as seen in Fig. 6(p). This 
phenomenon is reasonable if one considers that PI8 
has shown one of the lowest polar components in 
Table 2. Introducing a long alkyl chain in the amine 
monomer, and selecting a relatively large molecular 
unit for the tetracarboxylic dianhydride monomer 
might have contributed to lowering the polarity of 
the resulting polyimide, and provided a suitable 
interfacial energy for the PS-b-PMMA/substrate 
interface.  
 

 
 

Fig. 6. AFM height images (scale: 20 μm × 20 μm) of the PS-b-PMMA thin films on the substrates with (a) PI1, (b) 
PI2, (c) PI3, (d) PI4, (e) PI5, (f) PI6, (g) PI7, and (h) PI8 annealed at 170 °C for 24 h. AFM phase images (scale: 1 μm 
× 1 μm) of the PS-b-PMMA thin films on the substrates with (i) PI1, (j) PI2, (k) PI3, (l) PI4, (m) PI5, (n) PI6, (o) PI7, 
and (p) PI8 annealed at 170 °C for 24 h. Illustrations showing the orientation of the PS-b-PMMA thin films on the 
substrates with (q) PI1-7 and (r) PI8. PS-b-PMMA concentration: 1.2 wt%. 
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3.3. Investigation of optimal conditions for 
perpendicular orientation of microdomains in PS-b-
PMMA thin films on PI8 (BPADA/DA12MG) 

Since PI8 showed the perpendicular orientation 
in a quite limited area, the conditions for the film 
fabrication on the PI8 substrate were further 
optimized. At first, the rotation speed and the 
annealing temperature were optimized as shown in 
Fig. 7(a). Among the tested conditions, 3000 rpm 
and 230 °C provided the smoothest surface, whereas 
other conditions resulted in island and hole 
structures. This rotation speed provided a film 
thickness of 0.9 L0. And then, the annealing time 
was varied to determine the optimized condition, as 
shown in Fig. 7(b). In the tested annealing lengths, 
30 min provided the best result, showing a clear 
fingerprint pattern, although its correlation length 
needs to be further improved.  

To the best of our knowledge, this is the first 
report to demonstrate a direct fabrication of 
perpendicularly oriented lamellae of PS-b-PMMA 
onto a PI substrate without any neutral layers. We 
believe that the present findings are quite promising 
for the development of various flexible devices in 
the near future. 
 
4. Conclusion 

Aiming for direct fabrication of perpendicularly 
oriented lamellae of PS-b-PMMA onto a PI 
substrate, eight types of polyimides were prepared 
from different combinations of monomers, and 
tested as the bottom layer for the microphase 
separation of PS-b-PMMA. Among the tested PI 
substrates, only the PI substrate prepared from 
BPADA/DA12MG showed a perpendicular 
orientation. This PI showed one of the smallest 

 
 

Fig. 7. (a) AFM height images (scale: 20 μm × 20 μm) of the PS-b-PMMA thin films on the substrates with PI8 which 
were annealed at 210 °C, 230 °C, or 250 °C for 1 h, and spin-coated at that the rotation speed were to 2000 rpm, 3000 
rpm, 4000 rpm, 5000 rpm, 6000 rpm, 7000 rpm, or 8000 rpm for 30 min. (b) AFM phase images (scale: 5 μm × 5 μm 
and 1 μm × 1 μm) of the PS-b-PMMA thin films on the substrates with PI8 which were annealed at 230 °C for 0 min, 
5 min, 15 min, 30 min, or 60 min. PS-b-PMMA concentration: 1.0 wt%. 
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polar components of the surface free energy, 
probably owing to the long alkyl chain in the amine 
monomer and a large molecular unit in the 
tetracarboxylic dianhydride monomer. Further 
studies require to be done for obtaining more large 
domains of the self-assemble structure, and expand 
this methodology for future applications.  
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The asymmetric mixed matrix membrane (MMM) composed of fluorinated polyimide and 
the surface-modified silica nanoparticles were fabricated using the dry-wet phase inversion 
method. The thinning of the skin layer of the asymmetric MMM led to a significant 
improvement in gas permeability and a decrease in gas selectivity. The decrease in gas 
selectivity originated in particle coarsening before vitrification caused by immersion in the 
coagulation bath. In addition, particle aggregation, that was caused by liquid-liquid phase 
separation due to evaporation of good solvent, occurred even before immersion in the 
coagulation bath. The composition of the mixed solvent, which allow suppression of 
particle aggregation during both dry and wet processes, is important to produce defect-less 
asymmetric MMMs. 
Keywords: Mixed matrix membrane, Asymmetric membrane, Silica particle, 
Fluorinated polyimide, Phase separation,  

 
1. Introduction 
 Polyimide is one of polymer with excellent 
performance in mechanical and thermal properties. 
Fluorinated polyimides having CF3 group are the 
polymer that show excellent gas separation 
performance because bulky CF3 group suppress the 
rotation of the polymer chain and function as 
spacers that form a free volume [1–3]. However, 
due to the trade-off between gas permeability and 
selectivity, a neat polymer membrane does not 
reach the performance required by industrial use 
such as carbon dioxide capture, utilization and 
storage (CCUS) [4]. In recent years, performance 
improvement has been carried out by mixed matrix 
membrane (MMM) composed of inorganic 
particles and polymer matrix [5].  
 The addition of porous inorganic materials such 
as zeolite and MOF to the polymer matrix provide 
improvement of the characteristics of gas 
permeability and selectivity, and the development 
of MMM containing porous inorganic particle is 
one of the useful techniques for the development of 
a gas separation membrane [6,7].  On the other 
hand, we have succeeded in developing MMM 
with excellent gas permeation coefficient by 
loading polymer matrix with bulky organic moiety

modified non-porous silica nanoparticles [8–10].    
Even in MMMs with excellent gas permeation 

characteristics, thinning is indispensable for 
practical use as gas separation membranes.  
However, since the toughness of the membrane 
decreases  in the MMM, thinning the MMM has 
become a major challenge [7,11].  

A dry-wet phase inversion method, which is one 
of the membrane formation methods, provides 
fabrication of an asymmetric membrane consisting 
of a thin selective layer on a support layer [12,13]. 
Therefore, we tried to apply this method to the 
production of MMM. In this study, fluorinated 
polyimide, which has a proven track record in the 
dry-wet phase inversion method [14,15], was used 
as the polymer matrix and the effect of phase 
separation on skin layer formation during 
membrane production was studied. 
 
2. Experimental 
2.1. Materials 

All reagents were purchased from commercial 
sources and used as received without any mention. 
2,2-bis(3,4-anhydrodiccarboxyphenyl) 
hexafluoropropene) (6FDA) and 
2,2-bis(3-amino-4-hydroxyphenyl) (6FAP) were 
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purchased from Central Glass Co., Ltd. (Tokyo, 
Japan). 6FDA was purification by sublimation and 
6FAP was purified by recrystallization in ethanol. 

Non-porous pearl-necklace-like silica nanoparticle 
(SNOWTEX® ST-PS-SO) was provided from Nissan 
Chemical Corporation (Tokyo, Japan). 
(3-aminopropyl)triethoxysilane (APTES), 
3,5-diaminobenzoic acid (DABA), and 
1H-benzotriazol-1-yloxytris(dimethylamino) 
phosphonium hexafluorophosphate (BOP) were 
purchased from Sigma-Aldrich Co. (St. Louis, MO, 
United States). Dimethylacetamide (DMAc), Acetic 
anhydride, dichloromethane (DCM), trichloroethane 
(TCE), butanol (BuOH), potassium carbonate, 
triethylamine (TEA), anhydrous 
N,N-dimethylformamide (DMF), anhydrous 
N-methyl-2-pyrrolidone (NMP), isopropanol, 
tetrahydrofuran (THF), 1,4-dioxane, chloroform, and 
acetone were purchased from Kanto Chemical Co. 
(Tokyo, Japan). Deionized and distilled water was 
obtained by a water purifier (WG250, Yamato 
Scientific Co., Tokyo, Japan).  

 
2.2. Synthesis and characterization of fluorinated 
polyimide (FPI)  

The fluorinated polyimide, FPI, was synthesized 
by chemical imidization of the poly (amic acid) 
precursors as reported in the literature (Scheme 1) 
[16]. The synthesized FPI had the weight-average 
molecular weight of 1.1×105 with a polydispersity 
index of 3.6 estimated by gel permeation 
chromatography (GPC, LC-2000Plus series, JASCO, 
Tokyo, Japan) with THF as the solvent. 

 

2.3. Synthesis and characterization of 
surface-modified silica nanoparticles 

Surface-modified silica nanoparticles were 
prepared by APTES modification step and DABA 
modification steps (Scheme 2) as previously reported 
[10].  

The surface-modified silica nanoparticles were 
characterized by thermogravimetric analysis (TGA, 

STA7000, Hitachi High-Tech Science, Tokyo, Japan) 
and Fourier transform infrared spectroscopy (FT-IR, 
6100V, JASCO, Tokyo, Japan).  

 

2.4. Fabrication and characterization of MMM 
Asymmetric Membranes were fabricated by a 

dry-wet phase inversion method. A schematic 
diagram of the method for producing an asymmetric 
membrane is shown in Scheme 3. A mixed solvent of 
DCM, TCE, and BuOH was used as the solvent. The 
composition ratio of polymer, DCM, TCE, and 
BuOH was 11:59:23:7 [14,15]. Methanol was used 
the coagulation solvent. The thickness of the skin 
layer of the asymmetric membrane formed was 
achieved by varying the standing time in the 
atmosphere. Dense membranes were also prepared 
without immersing in a coagulation bath. The 
obtained membranes were dried in the atmosphere 
and then dried in vacuum. 

To investigate the morphology of the MMMs, 
cross-section of the membranes was observed by 
scanning electron microscope (SEM, JXP-6100P, 
JEOL, Tokyo, Japan). 

The gas permeance of the membranes were 
measured with pure gasses (N2, CO2) at 35°C and 76 
cmHg using a differential pressure type high vacuum 
apparatus (Rika Seiki, Inc., K-315-H, Tokyo, Japan), 
where the membrane was set between upper and 
lower chambers.  

 
Scheme 3. Schematic drawing of a dry-wet phase 
inversion method for producing an asymmetric 
membrane. 

APTES

DABA

 
Scheme 2. Synthesis of surface-modified silica 
nanoparticles.  

＋

6FDA
(2,2-bis(3,4-anhydrodiccarboxyphenyl)

hexafluoropropene))

6FAP
(2,2-Bis(3-amino-4-hydroxyphenyl))

6FDA-6FAP polyimide

1) DMAc

2) Acetic anhydride,
Triethyl amine

 
Scheme 1. Polymerization of fluorinated polyimide.  
 

J. Photopolym. Sci. Technol., Vol. 34, No. 5, 2021

450



purchased from Central Glass Co., Ltd. (Tokyo, 
Japan). 6FDA was purification by sublimation and 
6FAP was purified by recrystallization in ethanol. 

Non-porous pearl-necklace-like silica nanoparticle 
(SNOWTEX® ST-PS-SO) was provided from Nissan 
Chemical Corporation (Tokyo, Japan). 
(3-aminopropyl)triethoxysilane (APTES), 
3,5-diaminobenzoic acid (DABA), and 
1H-benzotriazol-1-yloxytris(dimethylamino) 
phosphonium hexafluorophosphate (BOP) were 
purchased from Sigma-Aldrich Co. (St. Louis, MO, 
United States). Dimethylacetamide (DMAc), Acetic 
anhydride, dichloromethane (DCM), trichloroethane 
(TCE), butanol (BuOH), potassium carbonate, 
triethylamine (TEA), anhydrous 
N,N-dimethylformamide (DMF), anhydrous 
N-methyl-2-pyrrolidone (NMP), isopropanol, 
tetrahydrofuran (THF), 1,4-dioxane, chloroform, and 
acetone were purchased from Kanto Chemical Co. 
(Tokyo, Japan). Deionized and distilled water was 
obtained by a water purifier (WG250, Yamato 
Scientific Co., Tokyo, Japan).  

 
2.2. Synthesis and characterization of fluorinated 
polyimide (FPI)  

The fluorinated polyimide, FPI, was synthesized 
by chemical imidization of the poly (amic acid) 
precursors as reported in the literature (Scheme 1) 
[16]. The synthesized FPI had the weight-average 
molecular weight of 1.1×105 with a polydispersity 
index of 3.6 estimated by gel permeation 
chromatography (GPC, LC-2000Plus series, JASCO, 
Tokyo, Japan) with THF as the solvent. 

 

2.3. Synthesis and characterization of 
surface-modified silica nanoparticles 

Surface-modified silica nanoparticles were 
prepared by APTES modification step and DABA 
modification steps (Scheme 2) as previously reported 
[10].  

The surface-modified silica nanoparticles were 
characterized by thermogravimetric analysis (TGA, 

STA7000, Hitachi High-Tech Science, Tokyo, Japan) 
and Fourier transform infrared spectroscopy (FT-IR, 
6100V, JASCO, Tokyo, Japan).  

 

2.4. Fabrication and characterization of MMM 
Asymmetric Membranes were fabricated by a 

dry-wet phase inversion method. A schematic 
diagram of the method for producing an asymmetric 
membrane is shown in Scheme 3. A mixed solvent of 
DCM, TCE, and BuOH was used as the solvent. The 
composition ratio of polymer, DCM, TCE, and 
BuOH was 11:59:23:7 [14,15]. Methanol was used 
the coagulation solvent. The thickness of the skin 
layer of the asymmetric membrane formed was 
achieved by varying the standing time in the 
atmosphere. Dense membranes were also prepared 
without immersing in a coagulation bath. The 
obtained membranes were dried in the atmosphere 
and then dried in vacuum. 

To investigate the morphology of the MMMs, 
cross-section of the membranes was observed by 
scanning electron microscope (SEM, JXP-6100P, 
JEOL, Tokyo, Japan). 

The gas permeance of the membranes were 
measured with pure gasses (N2, CO2) at 35°C and 76 
cmHg using a differential pressure type high vacuum 
apparatus (Rika Seiki, Inc., K-315-H, Tokyo, Japan), 
where the membrane was set between upper and 
lower chambers.  

 
Scheme 3. Schematic drawing of a dry-wet phase 
inversion method for producing an asymmetric 
membrane. 

APTES

DABA

 
Scheme 2. Synthesis of surface-modified silica 
nanoparticles.  

＋

6FDA
(2,2-bis(3,4-anhydrodiccarboxyphenyl)

hexafluoropropene))

6FAP
(2,2-Bis(3-amino-4-hydroxyphenyl))

6FDA-6FAP polyimide

1) DMAc

2) Acetic anhydride,
Triethyl amine

 
Scheme 1. Polymerization of fluorinated polyimide.  
 

Gas permeance was calculated based on pressure 
increment (dp/ dt) at steady state according to the 
following equation: 

 
     (1) 

 
where Q is the gas permeance of the membrane in 
GPU (1 GPU = 1×10-6cm3 (STP) / (cm2 s cmHg)), V 
is the volume of downstream reservoir (cm3), A is the 
membrane area (cm2), T is the operating temperature 
(K) and p0 is the upstream pressure (cmHg). The gas 
permeability P in Barrer (1 Barrer = 1×10-10cm3 
(STP) cm/ (cm2 s cmHg)) was evaluated using the 
relationship of P = Q L, where L is the membrane 
thickness(cm). 
 
3. Results and discussion 
3.1. Characterization of surface-modified silica 
nanoparticles 
Fig. 1 shows the TGA curves of original particle and 

the precursor particles which surface was modified 
with APTES and the surface modified particle as 
final product. The weight loss ratios of the original 
particle and the precursor particle and the surface 
modified particle after heating to 1000°C were 2.48, 
3.34 and 8.91 wt%, respectively.  
The particle weight loss measured by TGA and the 

correction ratios ([APTES] / [OH], [DABA] / 
[APTES]) estimated by the TGA results are 
summarized in Table 1. The modification rate was 
slightly lower than that of the previously prepared 
nanoparticles [10]. 
The surface modification on silica nanoparticles was 

confirmed using FT-IR spectroscopy. The FT-IR 
spectrum of the surface modified silica nanoparticles 
shown in Fig. 2 was similar to those reported 
previously [10,17]. The insert in Fig. 2 shows an 
enlarged spectrum of the part where the change due 
to modification can be most clearly confirmed. The 
peak at 1547 cm-1 and the shoulder observed around 
1600 cm-1 suggest the presence of a phenylamine 
group or an aromatic ring [18]. This spectrum 
strongly suggested successful DABA modification to 
silica nanoparticles.  
 
3.2. Fabrication of MMMs 

Fig. 3(a) shows photo images of the membranes 
formed by the dry-wet phase inversion method. The 
MMM was colored. The color is attributed to 
surface-modified nanoparticles [10]. Both the neat 
FPI membrane and the MMM became opaque. The 
formation of voids that greatly scatter light was 
suggested. Fig. 3 (b) shows the surface SEM image 
of the asymmetric MMM. Although surface 
irregularities due to the inclusion of particles were 
observed on the front side, no defects were observed. 

On the other hand, many voids were observed on the 
back side. The dry-wet phase inversion method could 
introduce asymmetric structure into the MMM. 

 
3.3. Gas permeation properties of MMMs 

Fig. 4 shows the permeance of carbon dioxide and 
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Fig. 1. TGA curves of original particle (black lines), 
APTES modified nano-particle as precursor (blue 
line), and DABA modified nano-particle (red line).  
  
 
Table 1. Weight loss of the particles measured by 
TGA and modification molar ratios ([APTES]/[OH], 
[DABA]/[APTES]) estimated by TGA results. 
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Fig. 2. FT-IR of DABA modified nano-particle. The 
insert shows an enlarged spectrum of the part where 
the change due to modification can be most clearly 
confirmed. 
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the gas selectivity of carbon dioxide and nitrogen as a 
function of standing time in the asymmetric 
membrane formation process and the values of the 
permeance and the gas selectivity were summarized 
in Table 2. 

The gas permeance of MMM was larger than that of 
neat FPI membrane at any standing time, suggesting 
the effect of surface-modified particles addition 
[8–10]. The gas permeance of both neat FPI 
membrane and MMM decreased as the standing time 
increased up to 300 seconds. After the standing time 
of 300 seconds, the change in permeance of the 
membranes with increasing in the standing time 
became very gradual. 
On the other hand, regarding the gas selectivity, 

which is the ratio of the permeance of carbon dioxide 
to the permeance of nitrogen, the tendency in the 
MMM was significantly different compared to the 
neat FPI membrane. With respect to the neat FPI 
membrane, no significant change in the gas 
selectivity was observed with the standing time, and 
the gas selectivity was similar to that of the dense 
membrane shown in Table 3. The apparent thickness 
of the skin layer of the neat FPI membrane obtained 
in this study was 1.6 m at the thinnest (Table 2). 
Generally, defects can be formed in a process of thin 

films, resulting in reduction of gas selectivity. It 
seems that no defects were generated in the skin layer 
of the asymmetric membrane of the neat FPI under 
the film formation conditions in this study. 
On the other hand, in the asymmetric membrane of 

the MMM, the gas selectivity largely depended on 
the standing time in the membrane formation process. 
The gas selectivity of the MMM which was produced 
more than 300 seconds remained the constant value 
that was similar to the selectivity obtained with the 
dense membrane.  
However, a significant decrease in the gas 

selectivity was observed as the standing time became 
shorter than 300 seconds. The gas selectivity 
decreased to 2.4 in the MMM prepared by standing 
for 60 seconds. In general, a large decrease in gas 
selectivity means the formation of defects which has 
not a gas selectivity. In other words, it was suggested 
that in the asymmetric membrane containing the 
particles, the surface skin layer had a structure that 
reduced gas selectivity. 

 
3.4. Structure of surface skin layer  
To clarify the cause of the significant decrease in 

gas selectivity, we evaluated the thickness of the skin 
layer of the asymmetric membranes and observed the 
aggregation of particles in the skin layer using 
cross-sectional SEM images. Fig. 5 shows 
cross-sectional SEM images of various asymmetric 
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Fig. 3. Photo of asymmetric membranes of the 
neat FPI and the MMM (a) and SEM images of front 
and back side of the asymmetric MMM prepared by 
the standing time of 300 s (b). 
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Fig. 4. Effect of standing time on gas permeance and 
gas selectivity of the asymmetric membranes. The 
open and closed symbols represent the neat FPI and 
the MMM, respectively. 
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Fig. 4. Effect of standing time on gas permeance and 
gas selectivity of the asymmetric membranes. The 
open and closed symbols represent the neat FPI and 
the MMM, respectively. 
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membranes. 
The thickness of the skin layer was calculated using 

image analysis software (Image J). The analysis was 
performed at arbitrary 50 points, and the average 
value was used as the thickness of the skin layer. The 
interface between the skin layer and the support layer 
was very vague, and the effective pore size for gas 
separation is smaller than the SEM resolution. 
Therefore, the skin layer thickness was analyzed 
from the membrane surface to the region with clear 
holes that can be observed by SEM. As mentioned in 
other reports, the skin layer thickness may be 
overestimated than the original thickness [19]. 

If the skin layer of the asymmetric membrane 
exhibits the same characteristics as the dense 
membrane, we could estimate the apparent skin layer 
thickness using the gas permeability of the dense 

membrane (Table 2).  Although the skin layer 
thickness obtained from cross-sectional SEM image 
tended to be larger than the apparent thickness 
estimated from the gas permeation that was 
summarized in Table 2, they showed almost the same 
thickness. In other words, it would be reasonable to 
evaluate the thickness of the skin layer by SEM in 
this study.  

Fig. 6 shows the standing time dependence of the 
skin layer thickness of the asymmetric membrane 
obtained from the cross-sectional SEM image. The 
skin layer thickness increased with the standing time 
up to 300 seconds regardless of the presence or 
absence of particles and remained almost constant 
thereafter. 
The thickness of the skin layer of the MMM was 

thicker than that of the neat FPI in all standing time. 
 
Table 2. Summary of the gas permeation properties of the asymmetric membranes and the apparent skin layer 
thickness evaluated from the gas permeability of the dense membrane. 

Standing time 

/ s 

Loading 

/ wt% 

QCO2 

/ GPU 

QN2 

/ GPU 
QCO2/QN2 

Thickness 

/ m 

60 
0 46.1 2.39 19 1.6∓0.1 

30 124 51.9 2.4 0.6∓0.5 

120 
0 13.7 0.728 19 5.4∓0.3 

30 24.4 4.07 6.0 3.7∓1.7 

180 
0 7.92 0.379 21 9.9∓0.5 

30 20.3 2.59 7.8 4.7∓2.2 

240 
0 5.40 0.256 21 14.7∓0.6 

30 14.6 1.43 10 7.9∓1.6 

300 
0 5.32 0.262 20 16.6∓4.0 

30 9.30 0.638 15 15.7∓1.0 

600 
0 5 0.2 20 16.9±0.8 

30 9 0.7 13 14.2±1.0 

1200 
0 4 0.2 18 17.9±1.4 

30 6 0.4 16 25.6±1.1 

1800 
0 4 0.2 18 20.5±2.2 

30 7 0.4 16 22.7±1.0 

1 GPU = 1×10-6cm3 (STP) / (cm2 s cmHg) 

 Table 3. Gas permeation properties of the dense membranes. 

Loading 

/ wt% 

QCO2 

/ GPU 

QN2 

/ GPU 
QCO2/QN2 

PCO2 

/ Barrer 

PN2 

/ Barrer 

PO2 

/ Barrer 
PCO2/PN2 

Thickness 

/ m 

0 3.60 0.169 21 77.4 3.63 16.1 21 21.5 

30 5.08 0.320 16 152 9.56 33.3 16 29.9 

1 Barrer = 1×10-10cm3 (STP) cm/ (cm2 s cmHg), 1 GPU = 1×10-6cm3 (STP) / (cm2 s cmHg) 
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As shown in Table 3, the thickness of MMM 
increased by about 40% compared to that of the neat 
FPI in the dense membrane. The thickness of the skin 
layer increased by about 50% in the asymmetric 
membrane formed more than 300 seconds of the 
standing time. Considering that the thickness of the 
skin layer was evaluated by SEM, the particle 
dispersion in the skin layer of the asymmetric 
membrane would be the same as that of the dense 
membrane.  

On the other hand, when the standing time was less 
than 300 seconds, the skin layer thickness of the 
asymmetric membrane tended to double by the 
addition of particles. It is suggested that the particle 

dispersion changes significantly during the skin layer 
formation process when immersed in a coagulation 
bath before the standing time of 300 seconds. 

The average size of particle aggregates in MMM 
was also calculated from the cross-sectional SEM 
image. The average particle size of particle 
aggregates was calculated for 50 aggregates 
considered to be in the skin layer using image 
analysis software (Image J). Fig. 7 shows the 
standing time dependence of the average size of 
particle aggregates in the MMM. The particle 
aggregate size decreased with the increase of the 
standing time until the standing time of 300 seconds 
and became almost constant of 1.4 m thereafter. 

 

 

 
Fig. 5. Cross-sectional SEM images of the asymmetric membranes of the neat FPI(a), (c), (e) and the MMM 
(b), (d), (f). The standing time during film formation is shown in the figure. Black lines are a scale bar of 10 
m. Arrows indicate the skin layer. 
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While the size of the particle agglomerates in the 
dense MMM which was dried without being 
immersed in the coagulation bath was 1.51 ± 0.89 m. 
The tendency that the particle agglutination size did 
not change after the standing time of 300 seconds 
was similar to the skin layer thickness. 
 
3.5. Effect of solvent evaporation on skin layer 
formation 
Fig. 8 shows the time dependence of weight of the 

neat FPI solution due to solvent evaporation at 25 oC. 
A rapid weight loss was confirmed immediately after 
casting and the rate of weight loss gradually 
decreased. This reflects the difference in the 
evaporation rate of each component in the mixed 
solvent. Initially, DCM, a low boiling point solvent, 
is the main component of the weight loss. While TCE 
and BuOH, which have higher boiling points, 

evaporate slower than DCM. The solution weight 
decreased to 43% of the initial weight after standing 
for 300 seconds, resulting in almost completely 
evaporation of DCM.  
 When immersed in a coagulation bath after DCM 
evaporation, vitrification would be rapidly induced at 
the surface having enough polymer concentration, 
resulting in formation of skin layer maintaining 
particle dispersion in the polymer solution. If the 
amount of evaporation of DCM was insufficient, the 
polymer concentration nearby the surface would be 
not sufficient for vitrification. Therefore, the 
coagulation-solvent inversion process caused particle 
coarsening in the polymer solution prior to 
vitrification. The particle coarsening increase 
non-uniformity in the skin layer, leading to the 
formation of defects in the skin layer and the increase 
in skin layer thickness. 
 
3.6. Effect of solvent evaporation on particle 
aggregation  
As discussed in the previous section, when the 

standing time was short, the immersion in a 
coagulation bath effected on the particle coarsening 
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Fig. 6. Dependence of the skin layer thickness of 
the asymmetric membranes on standing time.  
The skin layer thickness was estimated from 
cross-sectional SEM images. The open circles 
represent the neat FPI membrane, and the filled 
circles represent the MMM. 

0 500 1000 1500 20000

2

4

6

8

Standing time / s

A
ve

ra
ge

 p
ar

tic
le

 si
ze

 / 
m

 
Fig. 7. Dependence of particle aggregate size in 
the MMMs on standing time. The size of the 
particle aggregation was calculated from the 
results of SEM observation. 
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Fig. 8. Time dependence of weight of the neat FPI 
solution during solvent evaporation process at 25 
oC. 
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Fig. 9. Temporal change of light transmittance 
through the polymer solution containing the 
particles.  
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in the skin layer. However, even when the standing 
time was long enough, the particles in the skin layer 
were much larger than the original particle size less 
than 100 nm [10]. 
A mixture composed of good solvent and poor 

solvent is used as the solvent used for production of 
an asymmetric membrane. The composition of the 
mixed solvent is very important for both the 
formation of the skin layer by vitrification and the 
formation of the support layer by liquid-liquid phase 
separation [20]. DCM is a good solvent and TCE 
and BuOH are poor solvents for the FPI used. 
 Fig. 9 shows the temporal change of light 
transmittance after casting of the polymer solution 
containing the particles. The transmittance decreased 
immediately after casting and became constant after 
70 seconds. The change in transmittance originated in 
the phase separation in the polymer solution cause by 
the evaporation of the DCM. This liquid-liquid phase 
separation would also result in the aggregation of the 
surface-modified silica nanoparticles in polymer 
solution. The mixed solvent used this time was 
suitable for formation of an asymmetric membrane 
for the neat FPI. However, in order to fabricate an 
asymmetric MMM, a solvent composition that allows 
suppression of particle aggregation in polymer 
solution during solvent evaporation will be required. 
 
4. Conclusion 
 The asymmetric MMM composed of FPI and the 
surface-modified silica nanoparticles were produced 
using the dry-wet phase inversion method. The 
thinning of the skin layer of the MMM, which 
depended on the standing time, led to a significant 
improvement in gas permeability. While the gas 
selectivity was significantly reduced by thinning of 
the skin layer. The significant decrease in gas 
selectivity originated in particle coarsening caused by 
immersion in the coagulation bath before vitrification. 
The particle coarsening before vitrification 
introduced defects without gas selectivity in the skin 
layer. In addition, particle aggregation, that was 
caused by phase separation due to evaporation of 
good solvent, occurred even before immersion in the 
coagulation bath. The composition of a mixed solvent 
suppressing particle aggregation will be important for 
the fabrication of asymmetric MMM. 
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 Fig. 9 shows the temporal change of light 
transmittance after casting of the polymer solution 
containing the particles. The transmittance decreased 
immediately after casting and became constant after 
70 seconds. The change in transmittance originated in 
the phase separation in the polymer solution cause by 
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selectivity was significantly reduced by thinning of 
the skin layer. The significant decrease in gas 
selectivity originated in particle coarsening caused by 
immersion in the coagulation bath before vitrification. 
The particle coarsening before vitrification 
introduced defects without gas selectivity in the skin 
layer. In addition, particle aggregation, that was 
caused by phase separation due to evaporation of 
good solvent, occurred even before immersion in the 
coagulation bath. The composition of a mixed solvent 
suppressing particle aggregation will be important for 
the fabrication of asymmetric MMM. 
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  Deformation of a polyamic acid gel was observed upon heating.  The gel prepared from 
1,1-bis[4-(aminophenoxy) phenyl]-1-[4-(4-amino-2-trifluoromethylphenoxy) phenyl] 
ethane (triamine-CF3), 4,4’-oxydianiline (ODA) and benzohenonetetracarboxylic 
dianhydride (BTDA) in N-methyl-2-pyrrolidone (NMP) at 20 o C was heated to 180 o C.  
The swelling became weak upon increasing the temperature, and the gel turned into 
a solution that could be stirred easily above 80 o C.  The solution heated to 180 o C 
did not returned to the gel state even upon cooling to 20 o C.  IR measurements of the 
heated gel showed that the deformation was due to an amide exchange reaction, which 
proceeded through scission of the amide linkage into anhydride and amine end groups.  The 
viscosity barely changed upon heating.  The amide exchange and imidation reactions 
proceeded simultaneously upon heating the polyamic acid gel, and formed a soluble 
polyimide containing amino sidechains. 
Keywords: Deformation of polyamic acid gel, Amino group sidechains, Triamine-CF3, 
Amide exchange, Imidation reaction 

 
 

1. Introduction 
Polyimide-silica hybrid materials have been 

prepared by a sol-gel process involving 
tetraethoxysilane in a polyamic acid solution, 
followed by thermal treatment [1-3].  Transparent 
and tough hybrid films with high silica contents 
were prepared using polyamic acid by conjugation 
to silica [4-5].  We prepared the polyamic acid 
containing amino group sidechains from BTDA, 
4,4’-ODA, and triamine-CF3.  The amino group 
reacted with 3-(triethoxysilyl)propyl succinic 
anhydride (TESSA) to introduce ethoxysilyl 
moieties that allowed for the conjugation to silica.  
The polyimide-silica hybrid films were prepared by 
sol-gel reaction with tetraethoxysilane in the 
polyamic acid solution, and thermal imidation.  
These hybrid films were more transparent than 
those prepared without TESSA [6].  In the 
preparation of polyamic acid, the 4-amino-2-
trifluoromethylphenoxy group in triamine-CF3 was 
expected to react slower with the anhydride than the 
4-aminophenoxy group in triamine-CF3 due to the 
electron-withdrawing effect of the trifluoromethyl 

group.  This would lead to a polyamic acid 
containing amino group sidechains [6].  However, 
gelation was also observed.  The gel became a 
solution upon heating and could be reacted with 
TESSA to introduce the ethoxysilyl moiety. 

In this study, the change of the chemical structure 
during heating of the polyamic acid gel as it 
changed into a solution was evaluated.  
 
2. Experimental 
2.1. Preparation of polyamic acid gel from triamine 
-CF3 
  In a three-necked flask, 1.128 g (3.5 mmol) of 
BTDA was added to a solution of 0.324g (0.5 mmol) 
of triamine-CF3 and 0.601 g (3.0 mmol) of ODA in 
30.0 mL of NMP at 20 o C.  The mixture was stirred 
at 20 o C under nitrogen.  The solution became 
more viscous as BTDA was dissolved and formed a 
gel. 
  The gel was heated at a rate 2 o C/min to 180 o C.  
It became a solution above 80 o C.  Upon cooling 
to 20 o C, this sample remained in the solution state. 
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2.2. Preparation of polyamic acid gel from 2,4,4’-
triaminodiphenyl ether [7] 

In a three-necked flask, 1.128 g (3.5 mmol) of 
BTDA was added to a solution of 0.108g (0.5 mmol) 
of 2,4,4’-triaminodiphenyl ether and 0.601 g (3.0 
mmol) of ODA in 30.0 mL of NMP at 20 o C.  The 
mixture was stirred at 20 o C under nitrogen.  The 
solution became more viscous as BTDA was 
dissolved and gelation occurred. 
  The gel was heated at a rate 2 o C/min to 180 o C.  
It did not become a solution even at 180 o C. 
 
2.3. Measurements 
  IR measurements were carried out using a 
SHIMADZU IR 435 spectro-photometer with the 
films prepared by drying the gel or solution at 70 o 

C.  Viscosity measurements were carried out at a 
concentration of 0.5 g dL -1 in NMP at 30 o C using 
an Ostwald viscometer. 
 
3. Results and discussion 
3.1. Deformation of polyamic acid gel and 
imidation 
  Deformation of polyamic acid gel was observed 
by heating.  The gel prepared from triamine-CF3, 

ODA and BTDA in NMP at 20 o C was heated to 180 
o C.  The gel changed as shown in Fig. 1.  The 
swelling became weak with increasing temperature, 
and the gel became a solution which could be stirred 
easily above 80 o C.  The solution heated to 180 o 

C did not return to a gel even if cooled to 20 o C.  
 

Fig. 1. Reaction between BTDA, ODA and 
triamine-CF3, and the change by heating. 
 
  The formation of a polyamic acid is an 
exothermic reaction, which involves an equilibrium 
[8-10].  The equilibrium constant K is very large, 
and the concentration of amic acid is very high in 
the equilibrium.  When the polyamic acid solution 
is heated, the reverse reaction, which is caused by 
chain scission into amine and anhydride groups, 
proceeded at an early stage.  However, the forward 

reaction, reformation of polyamic acid, proceeds 
later since the concentration of amic acid is lower 
due to thermal imidation during heating of polyamic 
acid solution [11-12]. 
  Figure 2 shows IR spectra of the films prepared 
from the gel at 20 o C, and the solutions at 80 o C, 
150 o C, and 180 o C.  The IR absorption peak due 
to carbonyl stretching of the amide group appeared 
at about 1650 cm -1 in the film from the gel at 20 o 

C.  Additional absorption peaks appeared at 1850 
cm -1 (↑), 1780 cm -1 , 1720 cm -1, and 730 cm -1 in 
the film formed from the solution at 80 o C.  The 
1850 cm -1 band is attributed to asymmetric 
stretching of the carbonyl groups in the anhydride 
moiety [13], 1780 cm -1 and 1720 cm -1 bands are 
attributed to the symmetric and asymmetric 
stretching of the carbonyl groups in the imide group, 
respectively, and the 730 cm -1 band is attributed to 
deformation of the imide ring [13-14].  The 
anhydride peak at 1850 cm -1 suggests that chain 
scission into amine and anhydride groups occurred.  
The intensity of the imide peaks at 1780 cm -1, 1720 
cm -1 and 730 cm -1 were higher in the films formed 
from the solution at higher temperatures and 
reached a maximum in the film from the solution at 
180 o C at 3 h.  The percent imidation [13,15] 
calculated from the absorbance ratio of the 
characteristic absorption due to imide groups at 
1720 cm -1 to that due to aromatic groups at 1500 cm 
-1 was 95%.  As for the calculation, a value of the 
previously prepared polyimide film produced by 
heating the polyamic acid film at 100 o C for 1 h, 
200 o C for 1 h, and finally 300 o C for 1 h under 
vacuum was performed as 100% [6].  The 
polyimide was not precipitated during heating in 
spite of the high percent imidation.  Polyimide was 
reported to be prepared by heating anhydride-
terminated amic acid oligomer, 2, 4-diaminotoluene, 
and 3,3’,4,4’-biphenyltetracarboxylic dianhydride 
in NMP at 180 o C for 3 h [16].   
  The relationship between the inherent viscosity 
(η inh) and temperature of the heating solution is 
shown in Fig. 3.  An initial decrease followed by 
an increase in the viscosity were observed at 80-120 

o C and 140-180 o C, respectively.  The decrease at 
80-120 o C is thought to be correlated with the 
generation of anhydrides by chain scission, and the 
increase at 140-180 o C is thought to be correlated 
with the reformation of polyamic acid and the 
imidation reaction.  η inh barely changed during 
heating, nor did water formed during the imidation 
have a great influence on η inh due to the small 
amount present.  
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Fig. 2.  IR spectra of films prepared after heating the polyamic acid gel. 
 
 

 
Fig. 3.  Inherent viscosity as function of heating 
temperature. 
 
  Crosslinking to form a gel occurred by the 
reaction of all amino groups in triamine-CF3 with 

anhydride groups.  The transformation of the gel to 
a solution is proposed to occur as shown in Fig. 4.  
The crosslinking is broken by the scission of amic 
acid into amine and anhydride groups.  Next, a 
reaction causing reformation of the amic acid is 
followed by imidation.  In the reformation of amic 
acid, the 4-aminophenoxy group (○) and the 4-
amino-2-trifluoromethylphenoxy group (×) could 
both react with anhydride groups.  The 4-amino-2-
trifluoromethylphenoxy group (×) was expected to 
react slower than the 4-aminophenoxy group (○)  
due to the electron-withdrawing effect of the 
trifluoromethyl group.  Since the equilibrium 
process of scission and recombination (amide 
exchange reaction) [17-18] occurred sufficiently, 
the number of crosslinking sites was reduced. 
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Fig. 4.  Structual change of the gel by heating. 
 

 
 
 
 
 

Fig. 5.  Reaction between BTDA, ODA and 2,4,4’-triaminodiphenyl ether, and the result of heating. 
 
  Such reactivity of amino group was reported to 
influence the storage time of polyamic acid / 
polyamic acid solutions before becoming random 
copolyimide [19].  For example, the storage time 
of the pyromellitic dianhydride (PMDA)-p-
phenylenediamine (PPD)/ PMDA-2,2-bis(4-
aminophenyl) hexafluoropropane (6F) blend was 
much longer than that of PMDA-PPD/ PMDA-
ODA due to the electron-withdrawing character of 
the hexafluoroisopropylidene group in 6F.  The gel 
prepared from 2,4,4’-triaminodiphenyl ether 
without a trifluoromethyl group, ODA and BTDA in 
NMP did not became a solution even upon heating 
to 180 o C but remained in the gel state (Fig. 5) [20]. 
 
3.2. Preparation of polyimide-silica hybrid films 
from polyimide solution having amino group 
sidechain 

The polyamic acid gel prepared from triamine-CF3 
changed to a soluble polyimide containing amino 
sidechains by heating to 180 o C.  The amino group 
could then be reacted with TESSA to introduce 
ethoxysilyl moieties that allow for conjugation to 
silica.  The sol-gel reaction of tetraethoxysilane 
was carried out in the polyimide solution, followed 
by thermal imidation of the amic acid generated 
from TESSA, and polyimide-silica hybrid films 
were prepared as shown in Fig. 6.  For comparison, 
the polyimide-silica hybrid film was also prepared 
without TESSA (Fig 7).  The fractured surfaces of 
the hybrid films containing 20 wt% silica were 
observed by SEM (Fig. 8).  The fractured 
morohology of the hybrid film prepared using 
TESSA showed smooth surface.  On the other 
hand, silica particles were clearly observed as beads 
having diamwter 1.0-2.0 µm in the hybrid film 

J. Photopolym. Sci. Technol., Vol. 34, No. 5, 2021

460



 
Fig. 4.  Structual change of the gel by heating. 
 

 
 
 
 
 

Fig. 5.  Reaction between BTDA, ODA and 2,4,4’-triaminodiphenyl ether, and the result of heating. 
 
  Such reactivity of amino group was reported to 
influence the storage time of polyamic acid / 
polyamic acid solutions before becoming random 
copolyimide [19].  For example, the storage time 
of the pyromellitic dianhydride (PMDA)-p-
phenylenediamine (PPD)/ PMDA-2,2-bis(4-
aminophenyl) hexafluoropropane (6F) blend was 
much longer than that of PMDA-PPD/ PMDA-
ODA due to the electron-withdrawing character of 
the hexafluoroisopropylidene group in 6F.  The gel 
prepared from 2,4,4’-triaminodiphenyl ether 
without a trifluoromethyl group, ODA and BTDA in 
NMP did not became a solution even upon heating 
to 180 o C but remained in the gel state (Fig. 5) [20]. 
 
3.2. Preparation of polyimide-silica hybrid films 
from polyimide solution having amino group 
sidechain 

The polyamic acid gel prepared from triamine-CF3 
changed to a soluble polyimide containing amino 
sidechains by heating to 180 o C.  The amino group 
could then be reacted with TESSA to introduce 
ethoxysilyl moieties that allow for conjugation to 
silica.  The sol-gel reaction of tetraethoxysilane 
was carried out in the polyimide solution, followed 
by thermal imidation of the amic acid generated 
from TESSA, and polyimide-silica hybrid films 
were prepared as shown in Fig. 6.  For comparison, 
the polyimide-silica hybrid film was also prepared 
without TESSA (Fig 7).  The fractured surfaces of 
the hybrid films containing 20 wt% silica were 
observed by SEM (Fig. 8).  The fractured 
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TESSA acted as conjugation between the polyimide 
and silica.   

 
 

Fig. 6.  Preparation of polyimide-silica hybrid film from polyimide solution using TESSA.
                                          
 

 
Fig. 7.  Preparation of polyimide-silica hybrid film from polyimide solution without TESSA.
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Fig. 8.  SEM micrographs of polyimide-silica hybrid films containing 20 wt% silica. 

4. Conclusion 
  During heating of a polyamic acid gel to 180 o C, 
equilibrium processes involving the scission and 
recombination of amic acid occurred, followed by 
imidation, which change the gel into a soluble 
polyimide containing amino group sidechains.  
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  Nanofiber Framework (NfF)-based polymer electrolyte membranes were investigated for 
polymer electrolyte fuel cells. New processes, including the hot-pressing and vapor-welding, 
were attempted to the polybenzimidazole nanofibers (PBINfs) to increase the fractions and 
connectivity of the Nfs. The phytic acid (Phy)-doping to the Nfs and the followed 
composition with Nafion gave hot-pressed NfF (HPNfF)/Nafion and vapor-welded NfF 
(VWNfF)/Nafion composite membranes. These new composite membranes showed higher 
proton conductivity than a conventional NfF composite membrane by forming connected 
effective proton conductive pathways at the interface of the three-dimensionally connected 
Nfs and the matrix polymer electrolyte. The mechanical and gas barrier properties were also 
evaluated to reveal the effectiveness of the new processes. 
Keywords: Composite Membrane, Electrospinning, Nanofiber, Polymer Electrolyte 
Fuel Cell, Proton conductivity 

 
 

1. Introduction 
Polymer Electrolyte Fuel Cell (PEFC), which 

generates electricity using hydrogen and oxygen 
without the carbon dioxide emission, is one of the 
key technologies for the carbon-neutral society [1]. 
For further popularization of PEFCs, higher 
efficiency, more extended durability, and lower cost 
of the PEFC components and system are required [2, 
3]. The fuel cell operating at high temperatures 
(120oC or above) without humidification is the 
promising approach to improve the catalyst activity, 
leading to higher efficiency and lower cost [4, 5]. 
However, high temperatures and low- or non-
humidification are severe conditions for polymer 
electrolyte membranes (PEMs). In conventional 
PEMs, protons can dissociate from sulfonic acid 
groups and diffuse by hydration in the membranes. 
In addition, other essential characteristics, including 
gas barrier properties and membrane stability, 
generally decrease at high temperatures. Therefore, 
novel PEMs that achieve high proton conductivity 
at low relative humidity, low gas permeability, and 

sufficient membrane stability are strongly desired.  
Over the past decades, there have been enormous 

numbers of reports on PEMs to achieve higher 
proton conductivity and better electrolyte 
characteristics. In addition to the optimization of 
chemical structures of proton conductive polymers, 
the composition of polymer electrolytes with 
functional additives is an expected approach to 
achieve high-performance PEMs [6-8]. One of the 
promising materials for composite membranes 
includes polymer nanofibers (Nfs) prepared from an 
electrospinning method [9-13]. In particular, proton 
conductive Nfs fabricated from sulfonated polymers, 
such as Nafion, sulfonated poly (ether sulfone), and 
sulfonated polyimide, can enhance proton 
conductivity along with the improvement of gas 
barrier properties and membrane stabilities [14-20]. 
Instead of sulfonated polymer Nfs, we focused on 
acid-doped Nfs, in which polybenzimidazole (PBI) 
and phytic acid (Phy) that has six phosphoric acid 
groups were selected as a polymer for Nfs and a 
doped acid, respectively. The nanofiber framework 
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(NfF) was combined with matrix polymer 
electrolytes, such as Nafion, to give composite 
membranes[21, 22]. The NfF/Nafion composite 
membrane showed improved electrolyte 
characteristics and fuel cell performances, 
especially at low humidity [21]. Based on our 
previously proposed concept, in which the 
combination of sulfonic acid and phosphoric acid 
realized efficient proton conduction at low humidity 
[23], the Phy-doped PBINfs formed sulfonic and 
phosphoric acids-concentrated areas at the 
interfaces between the Nfs and the matrix 
electrolyte.  

Most recently, we revealed that the compression 
of Nfs is a practical approach to achieve higher 
proton conductivity and other properties by 
increasing nanofiber fractions and connectivity 
among Nfs in the composite membranes [24]. In this 
study, we proceed this idea to further improve the 
electrolyte characteristics by the hot-pressing and 
the followed vapor-welding (Fig. 1). Pressing the 
Nfs under heating conditions is expected to make 
tigheter the Nfs than the previous pressing at room 
temperature. Also, exposure to good solvent vapor 
can soften and swollen the Nfs, and then the Nfs 
weld to each other after cooling and drying. The 
construction of connected proton conductive 
pathways is expected to enhance the proton 
conductive characteristics. The influence of these 
processes was investigated by forming three types 
of NfF composite membranes and evaluating their 

mechanical strength, proton conductivity, and gas 
barrier properties.   
 
2. Experimental 

All the commercially available chemicals, such 
as phytic acid (50wt% aqueous solution, TCI Co., 
Tokyo Japan) and Nafion DE 520 dispersion 
(Sigma-Aldrich Co., St. Louis, USA), were used 
without purification. Polybenzimidazole nanofibers 
(PBINfs) fabricated by an electrospinning method 
were supplied from Japan Vilene Company, Ltd. 
The fiber diameters, fibrous membrane thickness, 
and porosity were ca. 200 nm, 15 µm, and 90%, 
respectively.  

Hot Pressed Nanofiber Framework (HPNfF) was 
prepared by pressing the pristine PBINf with 10 
MPa at 120°C for 1 hour. Vapor Welded Nanofiber 
Framework (VWNfF) was obtained by exposing the 
HPNfF in N, N-dimethylformamide (DMF) vapor at 
60°C for 10 min, and then dried under vacuum. All 
the NfFs, including conventional pristine PBINFs, 
were doped with Phy by immersing the NfFs in 
50wt% Phy aqueous solution at room temperature 
for 1 hour. The Phy-doped NfFs were repeatedly 
washed in hot water at 80oC for total 24 hours to 
remove unreacted Phy that was not chemically 
doped on NfFs. Then, each Phy-doped NfF was put 
in a petri dish, and an appropriate volume of Nafion 
dispersion was poured. The volume of Nafion 
dispersion was calculated to fill the voids among the 
Nfs with Nafion after slowly evaporating the 

 
Fig. 1. Fabrication procedure of three types of NfF composite membranes. 
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solvent in air. Three types of obtained Phy-PBINf 
composite membranes, including conventional 
NfF/Nafion, HPNfF/Nafion, and VWNfF/Nafion, 
were dried under vacuum at 80oC for 24 hours. 

The nanofiber and membrane morphologies were 
observed by JEOL JXP-6100P scanning electron 
microscopy (SEM). The mechanicl strength of the 
NfFs and membranes were measured by a tensile 
testing machine (AGS-X5kN, Shimadzu Co., Tokyo, 
Japan). The proton conductivity of the electrolyte 
membranes was evaluated by the electrochemical 
impedance analyzer (3532-50, Hioki Co., Tokyo, 
Japan) in a temperature- and humidity-controlled 
chamber. Proton conductivity σ (S cm-1) was 
determined from the equation: σ = d / (R A), where 
d, R, and A represent the distance between two 
platinum electrodes (cm), impedance value (Ω) in 
measured by the analyzer, and cross-sectional area 
of the membrane (cm2), respectively. Water uptake 
was evaluated by the thickness change after 
immersing a membrane in hot water at 80oC for 24 
hours. Oxygen gas permeability coefficients PO2 
and water vapor permeance QH2O were measured 
according to our previous study [21,24] using a gas 
permeability apparatus (RGP-3000Z, Round 
Science Inc., Kyoto, Japan).  

 
3. Results and discussion 
3.1. NfF fabrication 

  Three types of NfFs were fabricated according to 
the procedures shown in Fig. 1. The hot-pressed 
PBINf was obtained by pressing the pristine PBINf 
with 10 MPa at 120oC for 1 hour. The thickness of 
the nanofibrous mat reduced from 30 µm to 24 µm 
after the process (Fig. 2). Although the nanofiber 
diameters maintained their original values (200±20 
nm), the porosity also reduced from 90% to 85% by 
the compression. The vapor welded PBINf was 
prepared by exposing the hot-pressed PBINf in 
DMF vapor at 60oC for 10 min. Since DMF is a 
good solvent for the PBI, the PBINfs softened and 
swollen with DMF and welded each other after 
evaporating DMF from the Nfs. The average fiber 
diameter estimated by SEM slightly increased from 
200±20 nm to 220±30 nm after the welding. The 
thickness and porosity also reduced to 19 µm and 
82%, respectively. Then, each Nf, including 
conventional PBINf, hot-pressed PNINf, and vaper-
welded PBINf, was doped with Phy and was washed 
with hot water to yield NfF, HPNfF, and VWNfF, 
respectively. Finally, pouring the Nafion dispersion 
onto each NfF and the followed evaporating solvent 
provided the NfF/Nafion, HPNfF/Nafion, and 
VWNf/Nafion composite membranes. 
 
3.2. Mechanical property 

Fig. 3(a) shows the mechanical strength of the 
three types of NfFs. In this figure, the tensile force 

 
Fig. 2. Surface and cross-sectional SEM images of (a), (b) NfF (pristine PBINf), (c) NfF/Nafion composite membrane, 
(d), (e) HPNfF, (f) HPNfF/Nafion composite membrane, (g), (h) VWNfF, and (i) VWNfF/Naafion composite 
membrane. 
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(N) was used as a Y-axis instead of stress (MPa) 
because the cross-sectional area of the NfFs was 
unclear due to the porous nanofibrous mat structures. 
As expected, the HPNfF and VWNfF showed 
higher tensile force than the conventional NfF. It 
indicates the hot-pressing and vapor-welding 
processes are effective ways to increase the 
mechanical strength of the NfFs. The mechanical 
strengths of a series of NfF/Nafion composite 
membranes were also depicted in Fig.3(b). The 
HPNfF/Nafion composite membrane indicated 
higher maximum stress (29.2 MPa) and elastic 
modulus (0.42 GPa) than those of the NfF/Nafion 
composite membrane (26.4 MPa and 0.39 GPa) and 
the recast-Nafion membrane (17.8 MPa and 0.34 
GPa), respectively. However, the mechanical 
strength of the VWNfF/Nafion composite 
membrane was slightly inferior to that of the 
NfF/Nafion composite membrane. It may result 
from the insufficient densification of the 
VWNfF/Nafion composite membrane. As shown in 

Fig. 2 (g) and (h), The VWNfF formed densely 
welded structures that could patricianly inhibit the 
filling of Nafion to the void space of the nanofibrous 
mat. Future study for denser composite membranes 
from the VWNfF has the potential to achieve higher 
mechanical strength. 
 
3.3. Proton conductivity 

Proton conductivity is an essential characteristics 
of polymer electrolyte membranes. In particular, 
high proton conductive characteristics at low 
relative humidity are desired. Fig. 4 demonstrates 
the relative humidity and temperature dependency 

 
Fig. 3. Mechanical strength of (a) three types of 
NfFs and (b) the corresponding NfF composite 
membranes and the recast-Nafion membrane. 
 

 
Fig. 4. Proton conductivity of the NfF composite 
membranes and the recast-Nafion membrane: (a) 
Relative humidity dependency at 80oC. (b) 
Temperature dependency at 40%RH. 
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of the proton conductivity on the NfF composite 
membranes. The HPNfF/Nafion and 
VWNfF/Nafion composite membranes showed 
higher proton conductivity than the conventional 
NfF composite membrane using pristine PBINfs 
and the recast-Nafion membrane without Nfs. 
Besides, the activation energy (Ea) of the proton 
conductivity at 40%RH on the HPNfF/Nafion and 
VWNfF/Nafion composite membranes were both 
19 kJ mol-1, which were much lower than those of 
the NfF/Nafion composite (Ea = 39 kJ mol-1) and the 
recast-Nafion (Ea = 45 kJ mol-1) membranes. These 
results mean that increase of the Nf fraction and the 
connectivity in the composite membranes is 
significantly effective for proton conduction, 
especially at low relative humidity. As is the case 
with mechanical strength, the VWNfF/Nafion 
composite membrane showed lower proton 
conductivity than the HPNfF/Nafion composite 
membrane. One possible reason is insufficient 
densification of the VWNfF/Nafion composite 
membrane, as described before. Another reason 
includes the difference in water uptake between the 
two composite membranes. After water uptake (in 
water at 80oC for 24 hours), a thickness change of 
the VWNfF/Nafion composite membrane was only 
2%. In contrast, the HPNfF/Nafion and NfF/Nafion 
composite membrane showed their thickness 
change of 4.1 and 9.4% under the same conditions, 
respectively. The three-dimensionally connected 
VWNfF prevented the water swelling which may 
lead to lower proton conductivity of the 
VWNfF/Nafion composite membrane than the 
HPNfF/Nafion composite membrane.  
 
3.4. Gas and water vapor permeability 

High gas barrier property, that is to say low gas 
permeability, is required to polymer electrolyte 
membranes. In the fuel cell operation, gas crossover 
through the membrane is problematic because such 
gas crossover decreases the open circuit potential 
and the power generation efficiency. Besides, gas 
crossover increases the risk of decomposition of the 
membrane and the catalyst electrodes by forming 
hydrogen peroxide and radical spices from the 
permeated hydrogen and oxygen on the precious 
metal catalyst. On the other hand, sufficient water 
vapor permeability is required for membranes to 
utilize generated water by the oxygen reduction 
reaction effectively. As shown in Fig. 5 (a), the NfF 
composite membranes, especially the 
HPNfF/Nafion composite membrane, showed 
significantly lower oxygen gas permeability than 

the recast-Nafion membrane. The low gas 
permeable PBINfs can reduce gas diffusion in the 
composite membranes. By contrast, all the NfF 
composite membranes indicated similar water vapor 
permeance to the recast-Nafion membrane without 
nanofibers (Fig. 5 (b)). At this moment, the water 
vapor diffusion pathways are not clearly understood. 
However, based on our previous study [21], it is 
considered that adequate water vapor diffusion 
pathways were constructed at the interface between 
the Phy-doped PBINfs and the matrix electrolyte. 
 
4. Conclusion 

The new NfF-based polymer electrolyte 
membranes were developed for future PEFC 
applications operated under high temperatures and 
low- or non-humidity conditions. The hot-pressing 
and vapor-welding processes on PBINfs increased 
the nanofiber fractions and connectivity among the 

 
Fig. 5. Oxygen gas permeability coefficient and 
water vapor permeance of the NfF composite 
membranes and the recast-Nafion membranes.  
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Nfs. The HPNfF/Nafion and VWNfF/Nafion 
composite membranes showed higher proton 
conductivity than a conventional NfF/Nafion 
composite membrane. It indicates that the 
construction of three-dimensionally connected NfF 
is a promising approach to form effective proton 
conductive pathways in PEMs. Furthermore, 
mechanical strength and gas barrier property were 
also improved by the new NfFs. Although the 
VWNfF/Nafion composite membrane did not reach 
the expected performances due to its insufficient 
densification, further study on compacted and 
connected NfFs will promise to achieve significant 
characteristics to apply to future PEFCs. 
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Nfs. The HPNfF/Nafion and VWNfF/Nafion 
composite membranes showed higher proton 
conductivity than a conventional NfF/Nafion 
composite membrane. It indicates that the 
construction of three-dimensionally connected NfF 
is a promising approach to form effective proton 
conductive pathways in PEMs. Furthermore, 
mechanical strength and gas barrier property were 
also improved by the new NfFs. Although the 
VWNfF/Nafion composite membrane did not reach 
the expected performances due to its insufficient 
densification, further study on compacted and 
connected NfFs will promise to achieve significant 
characteristics to apply to future PEFCs. 
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Mechanisms of photoresist removal were investigated using microwave-excited plasma in 
saturated water vapor under a reduced pressure condition (approx. 6 kPa). A few seconds of 
white emission were observed at the beginning of photoresist removal. To ascertain the 
species of spectra, optical emission spectroscopy was used for photoresist removal from a Si 
wafer. Emission spectra of OH (A2Σ – X2Π), Hα (656 nm), and O (777 nm) derived from 
dissociation of water molecules were observed. Other emission spectra attributed to CO 
molecules were also detected and identified as the Ångström system (B1Σ – A1Π). This result 
indicates CO molecule generation during photoresist removal. The CO molecule emission 
intensity reached a maximum value at 1.1 s after plasma ignition, whereas those of OH, Hα, 
and O reached a minimum value at almost identical time. Furthermore, normalized emission 
spectra shape from CO molecules during photoresist removal were almost identical for ∆v = 
+1, 0, -1, -2, -3, and -4. Rotational and vibrational temperatures of the CO molecules during 
photoresist removal were found to be almost constant and to be 1500 and 2500 K, respectively. 
These results suggest increased CO molecular density above the Si wafer at 1.1 s. 
Keywords: Microwave, Optical emission spectroscopy, Photoresist removing, Water 
vapor plasma, CO molecular band spectra 

 
 

1. Introduction 
A photoresist is used for manufacturing 

semiconductor devices such as integrated circuits 
(IC) and large-scale integrated circuits (LSI). 
Photoresist patterns are made using three processes: 
spin coating, exposure, and development. Later, 
etching and ion implantation processes are 
conducted using the photoresist as a mask. For 
positive-tone photoresist films, an unexposed 
photoresist film keeps a patterned structure but an 
exposed photoresist is removed during development. 
Finally, the photoresist film mask is removed using a 
conventional photoresist removal technique. A 
mixture of sulfuric acid and hydrogen peroxide 
mixture (SPM) and/or O2 plasma is used for 
photoresist removal [1–10]. When using the SPM, 
large amounts of environmentally unfriendly 

chemicals are used. Additionally, reuse of the 
chemicals is expensive. Furthermore, using SPM 
makes it difficult to remove hardened photoresists by 
ion implantation. Alternatively, if using O2 plasma, 
photoresist removal rates are typically low; poor 
uniformity over large areas presents other difficulties. 
To increase photoresist removal rates, the Si wafer is 
usually heated to temperatures higher than 250 °C to 
enhance chemical reactivities on the photoresist film. 
This heating might degrade the efficiency of the 
semiconductor devices and increase defect rates. 
Reportedly, H2O addition to the O2 plasma was 
applied to photoresist removal. This addition might 
reduce the activation energy of the ashing reaction 
and raise photoresist removal rates in microwave-
excited O2 downstream plasma at a 2.45 GHz 
frequency and at 107 Pa [3]. Reportedly, photoresist 
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removal rates doubled to about 1 mm/min when the 
water vapor mixing ratio was increased from 0% to 
10%. However, the operating temperature range was 
140–200 °C. The photoresist removal rates showed 
strong dependence on the temperature. Moreover, 
particles were emitted during removal of the ion-
implanted photoresist from the O2 plasma. 

Recently, photoresist removal using wet ozone 
instead of the conventional methods described above 
has been proposed. This low-temperature (approx. 
100 °C) process is environmentally friendly. Wet 
ozone is produced by mixing ozone gas with a small 
amount of water vapor. However, using wet ozone 
entails some reported difficulties for removing ion-
implanted photoresists [6–10]. Some other methods 
have been reported for photoresist removal, such as 
using CO2 plasma [11]. The CO2 plasma method has 
been evaluated for its economy and safety. Recent 
reports revealed its potential, compared to using O2 
plasma, for reducing low-k damage during 
photoresist removal. However, CO2 ions can damage 
the Si wafer at chamber pressures as low as 6.7 Pa. 

Using a slot antenna, we developed microwave-
excited plasma produced in water bubbles under a 
reduced saturated vapor pressure condition [12–15] 
and applied it to photoresist removal [16]. Using this 
method, ultrapure water is used as a source gas for 
the microwave-excited plasma. A scroll pump was 
used to achieve saturated vapor pressure of approx. 
6 kPa in the chamber. A Si wafer is cooled directly 
by water during photoresist removal. Results showed 
that an environmentally friendly and low-
temperature photoresist removal was realized using 
this method. The 6 kPa operating pressure is about 
two orders higher than that using conventional O2 
plasma ashing. Furthermore, microwave plasma is 
generated in a narrow region of a few millimeters 
between the Si wafer and the slot antenna, which is 
expected to expose high radical flux density. To date, 
we have confirmed photoresist removal rates higher 
than 1 µm/min using this method, even for a 
positive-tone Novolak photoresist film stiffened by 
ion-implantation [16]. Application of this method 
using the slot-antenna-excited microwave plasma to 
a large-area process appears to be possible by 
customizing a suitable microwave frequency, a slot 
length, and slot patterns [17–22]. In such a case, 
clarification of photoresist removal using this 
method is important for application to practical 
industrial semiconductor manufacturing processes. 

This study investigated temporal variations of 
optical emission images and spectra during 
photoresist removal using microwave-excited 

plasma with video camera observation and optical 
emission spectroscopy. The results were discussed to 
elucidate the mechanisms of photoresist removal 
using microwave-excited plasma. 
 
2. Experiment setup to assess microwave-excited 
plasma for photoresist removal and to diagnose 
its spectral 

Figure 1 portrays the setup of a microwave-
excited plasma experiment to elucidate photoresist 
removal under conditions of saturated water vapor 
with reduced pressure. A quartz-filled rectangular 
waveguide was equipped in the stainless steel 
chamber (V = 2 L). A silicon slot antenna [23–25] 
was set at the end of the waveguide. A stainless steel 
wafer stage was installed at the bottom of the 
chamber. The distance between the bottom of the 0.5 
mm wide and 20 mm long slot antenna and the wafer 
surface was fixed at 2 mm. The chamber was 

Figure 1. Experiment setup of microwave excited 
plasma for the photoresist removal process in saturated 
water vapor under the reduced pressure condition: (a) 
front view and (b) side view. 

(a) 

(b) 
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Figure 1. Experiment setup of microwave excited 
plasma for the photoresist removal process in saturated 
water vapor under the reduced pressure condition: (a) 
front view and (b) side view. 

(a) 

(b) 

partially filled with 1 L of ultrapure water. The slot 
antenna was maintained under saturated water vapor 
during photoresist removal to avoid optical emission 
scattering because of bubbles. The chamber internal 
pressure reduced to approx. 6 kPa using a scroll 
pump. 

A half-inch Si wafer (φ = 12.5 mm) for a Minimal 
Fab System [26, 27] was used for this study. Using a 
minimal coater (Litho Tech Japan Corp.), a positive-
tone Novolak photoresist (OFPR-5000; Tokyo Oka 
Kogyo Co., Ltd.) for g/i line lithography was spin-
coated onto the wafer at 800 rpm for 3 s and at 4000 
rpm for 65 s. The photoresist film thickness was 1.0 
µm. The wafer was baked at 90 °C for 60 s after spin-
coating. 

A magnetron-oscillation type microwave 
generator (MMG-213VPT; Micro Denshi Co., Ltd.) 
was used as a plasma source. A water-cooled 
dummy load was equipped between the microwave 
generator and the plasma to protect the magnetron 
from damage [25]. Non-modulated 2.45 GHz 
microwaves were injected into the water vapor 
through the slot antenna [12–15]. Forward and 
reflected microwave powers were measured using a 
mean-responding power detector that had been set 
for use in high-frequency receiver and transmitter 
signal chains up to 2.5 GHz (MMO-220HP; Ohta 
Electronics Co. Ltd.). We adjusted the impedance 
matching using an E-H tuner to reduce the reflected 
microwave power. For this experiment, the net 
microwave power was set at 200 W. Plasma was 
generated for 30 s after plasma ignition. 

Video camera measurements and optical 
emission spectroscopy were conducted 
simultaneously during photoresist removal. Optical 
emission images were obtained from a viewing 
window equipped on the chamber. The video 
camera frame rate was set at 30 fps. Optical 
emission spectra were measured using a compact 
spectrometer (USB2000+ UV-VIS; Ocean Optics 
Inc.) with a grating of 600 lines/mm, slit width of 
25 mm, and optical resolution of 1.5 nm for full 
width at half maximum. An optical fiber rod (φ = 6 
mm, SOG-70S; Sumita Optical Glass Inc.) was 
connected in series to an optical fiber (φ = 50±5 µm, 
UV-VIS High OH content; Ocean Optics Inc.) and 
a spectrometer. The optical fiber rod was installed 
at a viewing port on the chamber side wall. The 
distance between the edge of the optical fiber rod 
and the center of the slot antenna was set at 17 mm. 
Optical emission spectra were recorded at every 
100 ms with integration time of 10 ms. 
 

3. Temporal variations of optical emission images 
and spectra during photoresist removal using 
microwave-excited plasma 

White emission was observed at the moment of a 
microwave-excited plasma ignition (t = 0 s) when a 
Si wafer with photoresist was located below the slot 
antenna. Figure 2 presents temporal variations of 
optical emission images of the plasma during 
photoresist removal at t = 0, 1.0, and 5.0 s. From 
visual observation, we inferred that the white 
emission intensity reached its maximum at around t 
= 1 s. The white emission immediately turned to red-
purple color in a few seconds, which was the same 
color as that observed in the case of a bare Si wafer. 
The red-purple emission derived from Hα (656 nm) 

(a) 

(c) 

(b) 

Figure 2.  Optical emission images of microwave excited 
plasma during photoresist removal at (a) t = 0 s, (b) 1.0 s, 
and (c) 5.0 s. They were reflected optical emission images 
observed on the Si surface and stainless steel holder. 
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of the hydrogen atomic line spectrum. This drastic 
color change suggests that the compositions of 
radicals, chemical species, and their densities in the 
plasma changed considerably in a few seconds. 

Figure 3 shows widely various spectra in 250–800 
nm at t = 0, 1.0, and 5.0 s. The emission spectra of 
OH (A2S – X2P, ∆v = 0), Hα, and O (777 nm) derived 
from dissociation of water molecules were observed 
clearly [12, 28–31]. The OH band spectrum of 309 
nm was the strongest among the observed spectra. 
OH radicals are produced mainly by electron-impact 
dissociation of water molecules [28] as 
 
e + H2O → H + OH + e    (1). 
 
  Therein, OH (A2Σ – X2Π) is a spontaneous 
emission observed when electrons in an excited state 
(A2Σ) return to the ground state (X2Π) [31]. Because 
OH radicals have high oxidation potential [30], OH 
radicals decompose the photoresist [16]. 

Emission spectra of CO (third positive system, b3Σ 
– a3Π) [1, 2, 32–35] and another CO (Ångström 
system, B1Σ – A1Π) [1, 2, 32–40] are presented 
respectively in Tables 1(a) and 1(b) [35]. These 
spectra are readily apparent. The same is also true for 
spectra of Hβ (486 nm) and Hγ (434 nm) in the 250–
650 nm range at around t = 1.0 s, as shown in Figs. 
4(a) and 4(b). 

Figure 5 shows temporal variations of emission 
intensity of OH (A2Σ – X2Π, ∆v = 0), Hα, O, and CO 
(B1Σ – A1Π, ∆v = -1, 484 nm). The CO emission 
intensity of ∆v = -1 increased and reached a 

(b) 

(a) 

Figure 4. Optical emission spectra from (a) OH (A2
Σ 

– X2
Π) and CO (b3

Σ – a3
Π) in the 250 – 500 nm 

range and (b) Hβ, Hγ, and CO (B1
Σ – A1

Π) in the 
400–650 nm range, respectively, during photoresist 
removal at t = 0, 1.0, and 5.0 s. 
  

Figure 3.  Spectra of microwave-excited plasma 
during photoresist removal at t = 0, 1.0, and 5.0 s. 
  

Table 1. List of the band-heads of (a) CO (third positive 
system, b3Σ – a3Π) and (b) CO (Ångström system, B1Σ 
– A1Π) [35] 
 

 

Wavelength (nm) 
 Sequence 

 ∆v = (v’-v’’) 
Transition 

(v’, v’’) 
297.74  -1 (0,1) 
313.44  -2 (0,2) 
330.57  -3 (0,3) 
349.33  -4 (0,4) 

 
 

Wavelength (nm) 
 Sequence 

 ∆v = (v’-v’’) 
Transition 

(v’, v’’) 
412.36  +1 (1,0) 
451.09  0 (0,0) 
483.53  -1 (0,1) 
519.82  -2 (0,2) 
561.02  -3 (0,3) 
607.99  -4 (0,4) 

 

(b) 

(a) 
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maximum value at t = 1.1 s. Subsequently, the CO 
emission intensity of ∆v = -1 decreased 
monotonically for 10 s until it became undetectable. 
However, the emission intensities of OH, Hα, and O 
respectively reached minimum values at t = 1.1 s, in 
contrast to the results found for CO. 

Figure 6 portrays the CO molecular band spectra 
obtained using the Ångström system (B1Σ – A1Π) for 
470–570 nm, which will be used for deeper 
investigation of the temporal variation of the CO 
band spectra shape. The CO emission spectra at t = 
0, 1.0, and 2.0 s are shown. The continuum 
compositions [41, 42] in these spectra were 
subtracted and normalized at 484 nm (∆v = -1). The 
CO molecular spectra shapes almost all mutually 
overlapped even though these CO molecular 
intensities varied greatly, as portrayed in Fig. 4(b). 
 
4. Evaluating CO molecule rotational and 
vibrational temperatures 

Rotational and vibrational temperatures of CO 
molecules were ascertained from calculations of 
optical emission spectra of B1Σ – A1Π electronic 
transitions of the CO molecule. The electronic 
transitions take place from the rotational levels of the 
various levels of one electronic state to the rotational 
and vibrational levels of another electronic state. The 
energy of a molecule is calculated using the sum of 
electronic energy Te, vibrational energy G(v), and 
rotational energy Fv(J), as shown below. 
 
𝐸𝐸𝐸𝐸 = 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒 + 𝐺𝐺𝐺𝐺(𝑣𝑣𝑣𝑣) + 𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣(𝐽𝐽𝐽𝐽)         (2) 
 
Therein, v represents a vibrational state; J denotes a 
rotational state. The energy difference ∆E from an 
upper state to a lower state is presented below. 
 
∆𝐸𝐸𝐸𝐸 = ∆𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒 + ∆𝐺𝐺𝐺𝐺(𝑣𝑣𝑣𝑣) + ∆𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣(𝐽𝐽𝐽𝐽)      

= 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒′ − 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒′′ + 𝐺𝐺𝐺𝐺(𝑣𝑣𝑣𝑣′)− 𝐺𝐺𝐺𝐺(𝑣𝑣𝑣𝑣′′) + 𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣′(𝐽𝐽𝐽𝐽′) −
 𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣′′(𝐽𝐽𝐽𝐽′′)      (3) 

 
Therein, the upper state and the lower state are 
represented respectively by apostrophes and double 
quotation marks. Each molecular band emission                           
spectrum depends on the rotational and vibrational 
states according to the rotational and vibrational 
temperatures. Assuming that the number density of 
excited molecules in the upper state follows a 
Boltzmann distribution, the spectrum is calculated 
using spectrum emission coefficients. The spectrum 
emission coefficients of diatomic molecules are 
calculated using the following equations [38, 43]. 
 

(c) 

(d) 

Figure 5 Temporal variations of emission intensities 
of (a) OH, (b) Hα, (c) O, and (d) CO (B1Σ – A1Π, ∆v 
= -1, 484 nm) before and during photoresist removal.    
 

(b) 

(c) 

(a) 
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molecules in an upper state, An’n’’v’v’’J’J’’ denotes a 
transition probability from an upper state to a lower 
state, n’, n’’, v’, v’’, J’, and J’’ respectively denote an 
electronic state, a vibrational quantum number, and 
rotational quantum numbers of upper and lower 
states. 
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Hönl–London Factors for P, Q, and R branches: 
 
𝑆𝑆𝑆𝑆𝐽𝐽𝐽𝐽′
𝑃𝑃𝑃𝑃 = (𝐽𝐽𝐽𝐽′+1+Λ′)(𝐽𝐽𝐽𝐽′+1−Λ′)

𝐽𝐽𝐽𝐽′+1
 (8) 
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  (9) 
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Rotational energy: 
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Vibrational energy: 

𝐺𝐺𝐺𝐺(𝑣𝑣𝑣𝑣) = 𝜔𝜔𝜔𝜔𝑒𝑒𝑒𝑒 �𝑣𝑣𝑣𝑣 + 1
2
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2
�
2
 (12) 

 
In those equations, N represents the total number 
density of molecules, Z stands for the internal state 
sum of molecules, qv’v’’ are Franck–Condon factors, 
SJ’ is the intensity factor, |Re

n’n’’| denotes the 
electronic transition moment deduced from the 
average radiative lifetimes of the B1Σ states of CO 
[37], h is Planck’s constant, k is Boltzmann’s 
constant, c represents the velocity of light, Tex stands 
for the excitation temperature, Tvib denotes the 
vibrational temperature, Trot expresses the rotational 
temperature, ωe and ωexe are vibrational constants, L 
represents the total orbital angular momentum. Also, 

Bv and Dv are the rotational constants, which are 
defined as 
 
𝐵𝐵𝐵𝐵𝑣𝑣𝑣𝑣 = 𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒 − 𝛼𝛼𝛼𝛼𝑒𝑒𝑒𝑒 �𝑣𝑣𝑣𝑣 + 1

2
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2
� , (14)   

 
where Be is the rotational constant for the 
equilibrium position, De is the value of the constant 
for the equilibrium position, and αe and βe are 
correction factors [43]. These molecular constants of 
electronic states, which are adopted for calculations, 
are presented in Table 2 [34, 38, 39]. βe is calculated 
using an approximate formula shown in [38].  

When we represent ∆E using an energy unit of 
centimeter-1, which is the wavenumber of transition 
spectra from upper to lower state, ∆E is expressed as 
 
∆𝐸𝐸𝐸𝐸 = 1

𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛′𝑛𝑛𝑛𝑛′′𝑣𝑣𝑣𝑣′𝑣𝑣𝑣𝑣′′𝐽𝐽𝐽𝐽′𝐽𝐽𝐽𝐽′′
 ,   (15) 

 
where λn’n’’v’v’’J’J’’  (cm) represents the wavelength of 

Figure 6. Spectral shapes of CO (B1Σ – A1Π) 
normalized at ∆v = -1 (484 nm) for t = 0, 1.0, and 2.0 s 
in the 470–570 nm range. 

Figure 7. Spectra of CO (B1Σ – A1Π): experiment and 
calculated results in the 400–650 nm range. 
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In those equations, N represents the total number 
density of molecules, Z stands for the internal state 
sum of molecules, qv’v’’ are Franck–Condon factors, 
SJ’ is the intensity factor, |Re

n’n’’| denotes the 
electronic transition moment deduced from the 
average radiative lifetimes of the B1Σ states of CO 
[37], h is Planck’s constant, k is Boltzmann’s 
constant, c represents the velocity of light, Tex stands 
for the excitation temperature, Tvib denotes the 
vibrational temperature, Trot expresses the rotational 
temperature, ωe and ωexe are vibrational constants, L 
represents the total orbital angular momentum. Also, 

Bv and Dv are the rotational constants, which are 
defined as 
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where Be is the rotational constant for the 
equilibrium position, De is the value of the constant 
for the equilibrium position, and αe and βe are 
correction factors [43]. These molecular constants of 
electronic states, which are adopted for calculations, 
are presented in Table 2 [34, 38, 39]. βe is calculated 
using an approximate formula shown in [38].  

When we represent ∆E using an energy unit of 
centimeter-1, which is the wavenumber of transition 
spectra from upper to lower state, ∆E is expressed as 
 
∆𝐸𝐸𝐸𝐸 = 1
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where λn’n’’v’v’’J’J’’  (cm) represents the wavelength of 

Figure 6. Spectral shapes of CO (B1Σ – A1Π) 
normalized at ∆v = -1 (484 nm) for t = 0, 1.0, and 2.0 s 
in the 470–570 nm range. 

Figure 7. Spectra of CO (B1Σ – A1Π): experiment and 
calculated results in the 400–650 nm range. 

transition spectra from an upper to lower state. For 
this study, we measure the emission spectra of the 
CO molecule band (Ångström system, B1Σ – A1Π, 
which is presented in Table 1(b)). Figure 7 portrays 
calculated spectra with experimentally obtained 
spectra at t = 1.0 s during photoresist removal in the 
400–650 nm range. A continuum light component 
[41, 42] in the experimental spectra was subtracted. 
Fitting the calculated theoretical spectra as functions 
of rotational and vibrational temperatures with 
experimentally obtained spectra, the respective 
rotational and vibrational temperatures were found 
to be 1500 and 2500 K. 
 
5. Discussion 

 For this study, we performed a spectroscopic 
diagnosis during photoresist removal using 
microwave plasma in saturated water vapor. The 
characteristic band spectra were found. These band 
spectra appeared especially at the beginning of 
photoresist removal in the 250–650 nm range, 
although they were much weaker than the emission 
spectra of OH (A2Σ – X2Π), O, and H, as depicted in 
Fig. 3. By comparing the observed band spectra with 
reference spectra of CO (Ångström system, B1Σ – 
A1Π) [1, 2, 32–40], CO (third positive system, b3Σ – 
a3Π) [1, 2, 32–35], CO (Herzberg system, C1Σ – 
A1Π) [35], CO (Asundi bands, a’3Σ – a3Π) [35, 40], 
CO (Triplet bands, d3∆ – a3Π) [35, 40], CO2 (carbon 
monoxide flame bands, 1B2 – X1Σ) [35], CO2

+ (Fox, 
Duffendack, and Barker’s system, A2Π – X2Π) [11, 
35, 40], C2 (Swan system, A3Π – X’3Π) [35, 43], CH 
(4300Å system, A2∆ – X2Π) [35], and CH (3900Å 
system, B2Σ – X2Π) [35] including carbon 
component, we identified the measured spectra as 
CO molecule bands of the Ångström system (B1Σ – 
A1Π) and the third positive system (b3Σ – a3Π) [1, 2, 
32–40], as shown in Figs. 4(a) and 4(b). 

Results show that the Ångström system (B1Σ – 
A1Π) was spectrally isolated from the other systems, 
although the third positive system was partially 
overlapped with the OH (A2Σ – X2Π) band system. 
The electronic energy of the upper state of CO (B1Σ) 
and CO (b3Σ) is lower than that of Hα, Hβ, Hγ, and O 

[32, 33, 36, 45, 46], suggesting that there might be 
sufficient electrons with high energy to excite CO 
molecules to the states of (B1Σ, b3Σ) in microwave-
excited plasma. Observation of the CO molecular 
band system indicates clearly that CO arises from 
plasma-induced oxidation of the polymeric 
photoresist material. 

The CO band spectra were also observed in 
radiofrequency (rf) O2 plasma during photoresist 
removal [1, 2]. The plasma is produced using rf coils 
at rf frequency of 13.56 MHz, pressure of 27 Pa, 
power of 300 W, and an O2 flow rate of 55 sccm. The 
photoresist (SC-180; Fujifilum Hunt Chemicals 
USA Inc.) was coated onto a 2-inch Si wafer. The 
photoresist thickness was 3 mm. For O2 plasma 
ashing, excited oxygen atoms decompose the 
photoresist film and produce excited-state CO 
molecules as well as hydrogen atoms. The measured 
CO molecular band intensity was almost comparable 
with the OH band spectral intensity [1, 2]. However, 
from this study, we observed intense OH band 
spectra and H-and-O atomic lines, whereas the 
intensity of CO band spectra is much weaker than 
that of other spectra. This finding suggests that the 
reactive radical densities of, for example OH, H, and 
O supplied from water molecules, are much greater 
than the CO molecular density from the photoresist 
film compared with the O2 plasma ashing case. 

Regarding the existence of CO2 ions, the emission 
spectra of CO2 ions (288 nm) were confirmed only 
in CO2 plasma under the condition of higher CO2 gas 
composition [11]. The CO2 plasma was produced at 
an rf frequency of 2.0 and 13.56 MHz, 6.7 Pa 
pressure, 300 W power, and a CO2 gas flow rates of 
40 to 500 sccm. The energies for dissociation and 
ionization of CO2 molecules are presented below. 
 
CO2 + e → CO + O∗ + e    5.4 eV   (dissociation)
     (16) 
 
CO2 + e → CO2

+ + 2e    13.8 eV   (ionization) 
     (17) 
 

When the plasma is generated using an rf 

Table 2. Molecular constants of electronic states for CO (Ångström system, B1Σ – A1Π) [34, 38, 39] 
 

State 
 Te 

(cm-1) 
ωe 

(cm-1) 
ωe xe 

(cm-1) 
Be 

(cm-1) 
αe 

(cm-1) 
De  

(cm-1) 
B1Σ  86948 2150.41 34.09 1.961 0.027 6.48×10-6 
A1Π  65075 1515.61 17.25 1.612 0.022 6.45×10-6 
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generator with a lower frequency, the electron energy 
presumably increases because the electrons are 
likely to be accelerated by the electric field in such a 
low pressure condition of 6.7 Pa. The emission 
spectra of CO2 ions are also observed at low pressure 
[35]. The emission intensity of CO2 ions (288 nm) 
was higher than that of the oxygen line of 777 nm in 
CO2 plasma ashing [11]. The CO2 ion emission 
intensity was too low to be measured in this study, 
indicating that the CO2 molecular density was 
sufficiently low during the ashing process. 

In addition, a broad continuum emission was 
observed in the 250–650 nm range, especially at t = 
1.0 s, as shown in Figs. 4(a) and 4(b). Because the 
operating pressure is as high as 6 kPa and because 
the microwave-excited plasma was produced in the 
narrow region, high-density plasma might be 
generated above the Si wafer including high-density 
neutral molecules. The broad continuum emission 
might be attributed to Bremsstrahlung [41, 42]. It is 
noteworthy that, N2 second positive system (C3Π – 
B3Π) [35] was not observed clearly in this study, but 
it was observed in the O2 ashing plasma [1, 2] as 
shown in Figs. 4(a) and 4(b). This result suggests that 
the presence of negligibly small molecular nitrogen 
in the system accounts for the observable emission 
bands. 

The emission intensity of CO (B1Σ – A1Π, ∆v = -
1, 484 nm) reached a maximum value at 1.1 s after 
plasma ignition, whereas that of OH (A2Σ – X2Π, ∆v 
= 0), Hα, and O reached a minimum value 
simultaneously, as presented in Fig. 5. The temporal 
variations of other CO (B1Σ – A1Π, ∆v = +1, 0, -2, -
3, and -4) as well as CO (b3Σ – a3Π, ∆v = -1, 298 nm) 
band spectra intensity followed an almost identical 
tendency as that of CO (B1Σ – A1Π, ∆v = -1) (not 
shown here). These results indicate that the 
compositions of radicals and chemical species, and 
their densities in the plasma, were changed 
drastically during a few seconds after plasma 
ignition, which suggests that the photoresist on the 
half-inch Si wafer, where the optical rod was located, 
has been removed completely in a few seconds. 
Consequently, monitoring the emission intensity of 
CO molecules becomes a matter of endpoint 
detection. This endpoint detection technique will be 
useful to control damage to the Si wafer during 
manufacturing. Temporal variations of CO (b3Σ – 
a3Π, 297.7 nm), CO (B1Σ – A1Π, 519.8 nm), Hα, and 
O (615.6 nm) were reported when using O2 plasma 
ashing [1, 2]. As one earlier study found [2], the 
emission intensity of CO (B1Σ – A1Π, 519.8 nm) 
reached a maximum value at around 6.3 min after 

plasma ignition (t = 0 s). The Hα emission intensity 
also increased concomitantly with increasing 
treatment time [2]. By contrast, this study 
demonstrated that the Hα emission intensity 
decreased slightly and reached a minimum value, in 
contrast to results obtained for O2 plasma ashing, 
when CO band spectra reached a maximum value 
during photoresist ashing. Furthermore, the Hα 
intensity increased and became saturated rapidly 
after the CO band spectra started to decrease, 
suggesting abstraction of H atom from the 
photoresist film [2]. The emission intensity of O 
decreased when CO overlapped with OH, and CO 
intensities (283.0, and 308.9 nm) increased in O2 
plasma ashing. However, OH and O intensities 
decreased and increased gradually when CO (B1Σ – 
A1Π, b3Σ – a3Π) band spectra increased in this study. 
Temporal variations of OH, O, and H show clearly 
that the origins of H atom differ greatly from that of 
OH and O species, supporting the hypothesis of the 
H abstraction reaction on the photoresist film surface. 
It is noteworthy that rapid variations of OH and O 
radicals show an excess amount of radical species 
derived from water vapor, resulting in enhancement 
of surface reaction on the photoresist film and a high-
speed ashing process. 

To investigate the temporal variation of the 
rotational and the vibrational temperatures of CO 
molecules, measured CO band spectra were 
compared at t = 0, 1.0, and 2.0 s, as depicted in Fig. 
6. These spectra are overlapped almost completely 
for 2 s after plasma ignition, indicating that the 
rotational and vibrational temperatures of the CO 
molecules were stable and almost constant during 
photoresist removal, even though the CO, O, and Hα 
intensities were altered dramatically. Therefore, the 
increase of emission intensity of CO molecules, as 
presented in Fig. 5(d), showed a rapid increase of CO 
molecule density above the Si wafer. 

The following scenario is proposed for a 
photoresist removal mechanism in the case of using 
microwave-excited plasma in saturated water vapor 
under the reduced pressure condition. First, radicals 
such as OH, H, and O derived from water vapor are 
produced by microwave plasma. Then these reactive 
species react with the photoresist film and cause 
desorption of carbon-including molecules such as 
COx and CyHz. Subsequently, the molecules which 
contain desorbed carbon increase in number. 
Electron impacts oxidize and excite them. They are 
de-excited above the Si wafer because of the 
increased CO emission intensity. Finally, the CO 
emission intensity decreases when the photoresist 
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generator with a lower frequency, the electron energy 
presumably increases because the electrons are 
likely to be accelerated by the electric field in such a 
low pressure condition of 6.7 Pa. The emission 
spectra of CO2 ions are also observed at low pressure 
[35]. The emission intensity of CO2 ions (288 nm) 
was higher than that of the oxygen line of 777 nm in 
CO2 plasma ashing [11]. The CO2 ion emission 
intensity was too low to be measured in this study, 
indicating that the CO2 molecular density was 
sufficiently low during the ashing process. 

In addition, a broad continuum emission was 
observed in the 250–650 nm range, especially at t = 
1.0 s, as shown in Figs. 4(a) and 4(b). Because the 
operating pressure is as high as 6 kPa and because 
the microwave-excited plasma was produced in the 
narrow region, high-density plasma might be 
generated above the Si wafer including high-density 
neutral molecules. The broad continuum emission 
might be attributed to Bremsstrahlung [41, 42]. It is 
noteworthy that, N2 second positive system (C3Π – 
B3Π) [35] was not observed clearly in this study, but 
it was observed in the O2 ashing plasma [1, 2] as 
shown in Figs. 4(a) and 4(b). This result suggests that 
the presence of negligibly small molecular nitrogen 
in the system accounts for the observable emission 
bands. 

The emission intensity of CO (B1Σ – A1Π, ∆v = -
1, 484 nm) reached a maximum value at 1.1 s after 
plasma ignition, whereas that of OH (A2Σ – X2Π, ∆v 
= 0), Hα, and O reached a minimum value 
simultaneously, as presented in Fig. 5. The temporal 
variations of other CO (B1Σ – A1Π, ∆v = +1, 0, -2, -
3, and -4) as well as CO (b3Σ – a3Π, ∆v = -1, 298 nm) 
band spectra intensity followed an almost identical 
tendency as that of CO (B1Σ – A1Π, ∆v = -1) (not 
shown here). These results indicate that the 
compositions of radicals and chemical species, and 
their densities in the plasma, were changed 
drastically during a few seconds after plasma 
ignition, which suggests that the photoresist on the 
half-inch Si wafer, where the optical rod was located, 
has been removed completely in a few seconds. 
Consequently, monitoring the emission intensity of 
CO molecules becomes a matter of endpoint 
detection. This endpoint detection technique will be 
useful to control damage to the Si wafer during 
manufacturing. Temporal variations of CO (b3Σ – 
a3Π, 297.7 nm), CO (B1Σ – A1Π, 519.8 nm), Hα, and 
O (615.6 nm) were reported when using O2 plasma 
ashing [1, 2]. As one earlier study found [2], the 
emission intensity of CO (B1Σ – A1Π, 519.8 nm) 
reached a maximum value at around 6.3 min after 

plasma ignition (t = 0 s). The Hα emission intensity 
also increased concomitantly with increasing 
treatment time [2]. By contrast, this study 
demonstrated that the Hα emission intensity 
decreased slightly and reached a minimum value, in 
contrast to results obtained for O2 plasma ashing, 
when CO band spectra reached a maximum value 
during photoresist ashing. Furthermore, the Hα 
intensity increased and became saturated rapidly 
after the CO band spectra started to decrease, 
suggesting abstraction of H atom from the 
photoresist film [2]. The emission intensity of O 
decreased when CO overlapped with OH, and CO 
intensities (283.0, and 308.9 nm) increased in O2 
plasma ashing. However, OH and O intensities 
decreased and increased gradually when CO (B1Σ – 
A1Π, b3Σ – a3Π) band spectra increased in this study. 
Temporal variations of OH, O, and H show clearly 
that the origins of H atom differ greatly from that of 
OH and O species, supporting the hypothesis of the 
H abstraction reaction on the photoresist film surface. 
It is noteworthy that rapid variations of OH and O 
radicals show an excess amount of radical species 
derived from water vapor, resulting in enhancement 
of surface reaction on the photoresist film and a high-
speed ashing process. 

To investigate the temporal variation of the 
rotational and the vibrational temperatures of CO 
molecules, measured CO band spectra were 
compared at t = 0, 1.0, and 2.0 s, as depicted in Fig. 
6. These spectra are overlapped almost completely 
for 2 s after plasma ignition, indicating that the 
rotational and vibrational temperatures of the CO 
molecules were stable and almost constant during 
photoresist removal, even though the CO, O, and Hα 
intensities were altered dramatically. Therefore, the 
increase of emission intensity of CO molecules, as 
presented in Fig. 5(d), showed a rapid increase of CO 
molecule density above the Si wafer. 

The following scenario is proposed for a 
photoresist removal mechanism in the case of using 
microwave-excited plasma in saturated water vapor 
under the reduced pressure condition. First, radicals 
such as OH, H, and O derived from water vapor are 
produced by microwave plasma. Then these reactive 
species react with the photoresist film and cause 
desorption of carbon-including molecules such as 
COx and CyHz. Subsequently, the molecules which 
contain desorbed carbon increase in number. 
Electron impacts oxidize and excite them. They are 
de-excited above the Si wafer because of the 
increased CO emission intensity. Finally, the CO 
emission intensity decreases when the photoresist 

film is removed by the plasma. 
 For the 400–650 nm range, we conducted 

calculations of C2 swan band spectra [44] to 
elucidate the possibility of appearance and overlap. 
In doing so, we found out that the C2 swan spectra 
intensity would be negligibly small. Carbon-
containing species would most likely be CO 
molecules, although we were unable to detect 
unexcited radical species. In this study, the 
calculated CO spectra show very good agreement 
with experimentally obtained spectra for obtained 
CO rotational and vibrational temperatures, 
respectively, of 1500 and 2500 K. 
 
6. Conclusions 

Optical emission images and optical emission 
spectra during photoresist removal were investigated 
using microwave-excited plasma. In this study, the 
microwave plasma was generated at a power of 200 
W, and at a water vapor pressure of approx. 6 kPa. 
The distance between the bottom of the slot antenna 
and the wafer surface was fixed at 2 mm. A film 
thickness of positive-tone Novolak photoresist was 
1.0 µm. White emission was observed at the moment 
of microwave-excited plasma ignition (t = 0 s). After 
a few seconds, the white emission turned to a red-
purple color. The emission spectra of OH (A2Σ – 
X2Π, ∆v = 0), Hα (656 nm), Hβ (486 nm), Hγ (434 
nm), and O (777 nm) derived from dissociation of 
water molecules were observed clearly during 
photoresist removal. The emission spectra of CO 
(third positive system, b3Σ – a3Π) and CO (Ångström 
system, B1Σ – A1Π) were also observed at around t 
= 1.0 s. The emission intensity of CO (B1Σ – A1Π, 
∆v = -1, 484 nm) reached a maximum value at t = 1.1 
s, whereas those of OH, Hα, and O reached their 
respective minimum values at t = 1.1 s. The CO 
molecular spectra shapes almost overlapped during 
photoresist removal. These results indicate the 
occurrence of a high-speed ashing process. 
Rotational and vibrational temperatures of the CO 
molecules during photoresist removal were found, 
respectively, to be 1500 and 2500 K. 
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  In this study, the uniformity of a photoresist ashing for a half-inch wafer was improved by 
a developed antenna structure, a double U-shaped antenna, in microwave-excited water vapor 
plasma. The optimized double U-shaped antenna structure, obtained by simulating an electric 
field, generated a spread distribution microwave plasma. Experimentally obtained results 
demonstrate that the observed optical emission distribution image from the microwave 
plasma resembles the electric field distribution obtained from the simulation under the 
present water vapor plasma generation condition. The double U-shaped antenna showed a 
higher ashing rate and better uniformity than the conventional slot antenna. 
Keywords: Double U-shaped antenna, Electromagnetic field simulation, Microwave-
excited plasma, Water vapor 

 
 

1. Introduction 
Lithography processes of semiconductor 

manufacturing commonly use a photoresist. It 
functions as a mask on the substrate surface during 
ion implantation or etching. It must be removed 
after these processes. For photoresist removal, 
chemical solution treatment (sulfuric acid hydrogen 
peroxide mixture, SPM) [1] or oxygen plasma 
treatment [2–4] is generally used. Actually, SPM 
processing requires transportation and chemical 
storage, which entails operational costs. 
Furthermore, sulfuric acid recycling is difficult. It is 
not environmentally friendly. However, oxygen 
plasma treatment requires a higher substrate 
temperature for a higher ashing rate, which can 
exacerbate oxidation of metal wiring. Moreover, 
earlier reports have described that the device 
performance is degraded by damage on to a 
dielectric material with low-k during the oxygen 
plasma ashing process. Therefore, several ashing 
techniques have been studied for this purpose [5–9]. 
These ashing techniques are expected to reduce 
damage, but at with a reduced ashing rate, which is 

approximately 1 µm/min. 
Among the various ashing techniques, water–

plasma–asher (WPA) is expected to realize a very 
effective process that produces little damage. 
Microwave excited plasma is generated with a slot 
antenna using only ultrapure water as the material 
gas [10]. Moreover, WPA has a higher ashing rate. 
It is effective for photoresists hardened by ion 
implantation [11]. Furthermore, the substrate can be 
cooled directly with ultrapure water. Actually, slot 
antennas are often used with microwave-excited 
plasmas [12]. However, microwave plasma 
processes using a slot antenna often have difficulties 
such as poor uniformity and small processing size. 
Therefore, various antennas and microwave 
plasma-generation methods such as the spoke 
antenna [13], ring slot antenna [14], multislotted 
planar antenna [15], radial-line antenna [16,17], 
slotted waveguide antennas [18], long-line shaped 
antenna [19–21], using a dielectric material 
embedded multi-hollow structures under a slot 
antenna [22], among others [23–30] have been 
proposed to improve uniformity and to increase the 
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process size. The approaches associated with these 
antennas for improving the uniformity and 
increasing the processing size include changing the 
antenna arrangement and the shape. For instance, 
arranging many slots radially in a radial-line slot 
antenna increases the processing area considerably. 
Minimal Fab [31], which uses a half-inch wafer, has 
been developed to provide an optimal system for 
semiconductor devices having low and medium 
volume markets. Because placing multiple slots in a 
small area is difficult, this study specifically 
examines the antenna shape. Our earlier work 
assessed an antenna used in the WPA: a slot antenna 
with a single slit [10]. Plasma was generated in an 
elliptical shape along this slit. Therefore, the 
photoresist removal shape in WPA was observed as 
an elliptical shape resembling the plasma emission 
shape. Previous studies show that the ashing rate of 
a photoresist of OFPR5000 at the center of a half-
inch wafer was 12 µm/min, but the rate outside of 
the wafer was only 4 µm/min when the wafer was 
placed on a stage at 3.5 mm below the antenna. 
Plasma irradiation is performed excessively on the 
substrate surface at the wafer center. Therefore, the 
ashing rate uniformity on the wafer surface must be 
improved. 

For this study, we simulated the electric field 
distribution of antenna with various shapes using 
electromagnetic simulation to investigate the ashing 
rate uniformity of the substrate. The experimental 
study was also conducted to confirm improvement 
of the uniformity with the new type of antenna 
developed for this study. 
 
2. Antenna Model Simulation 
2.1. Calculation model 

The slot antenna structure was modified to 
generate uniform plasma and thereby improve the 
ashing rate uniformity. The antenna structure was 
designed using commercially available 
electromagnetic wave simulation software: CST 
Microwave Studio© [10,32]. Figure 1 presents a 
simplified model based on which the simulation was 
performed. Simulation was conducted at 
frequencies of 2.2–2.7 GHz using a time domain 
solver. The electric field distribution was evaluated 
assuming that the microwave input power was 1 W 
because the plasma was not considered in this 
simulation. Microwaves were applied to the antenna 
through quartz with relative permittivity εr of 3.75 
inserted into the R22 standard rectangular 
waveguide with size set to 56 × 28 mm2. The quartz 
was loss-free. Free space boundary conditions were 

applied at the top of the quartz waveguide. The 
chamber was assumed to be a 
polytetrafluoroethylene. The waveguide was 
assumed to be a perfect conductor. The antenna 
material, low-resistance Si, had electrical 
conductivity of 1000 S/m in electric field 
calculations. The chamber interior space was 
regarded as vacuum. Water was not introduced into 
the chamber because the calculation time was 
higher with water even though the calculation result 
underwent no significant change. The antenna 
surface on the chamber side was set as z = 0 mm. 
The electric field distribution was evaluated at z = 0 
mm and z = 6.0 mm. 

Fig. 2 portrays the antenna structure in this 
simulation model. This simulation investigated a 
slot antenna with a single slit (Fig. 2(a)), an H-
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Fig. 1.  Simulation model for electromagnetic waves in 
WPA: (a) side view and (b) bottom view. 
 

Fig. 2.  Simulated antenna structure: (a) slot antenna, 
(b) H-shaped antenna, and (c) double U-shaped 
antenna. 
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process size. The approaches associated with these 
antennas for improving the uniformity and 
increasing the processing size include changing the 
antenna arrangement and the shape. For instance, 
arranging many slots radially in a radial-line slot 
antenna increases the processing area considerably. 
Minimal Fab [31], which uses a half-inch wafer, has 
been developed to provide an optimal system for 
semiconductor devices having low and medium 
volume markets. Because placing multiple slots in a 
small area is difficult, this study specifically 
examines the antenna shape. Our earlier work 
assessed an antenna used in the WPA: a slot antenna 
with a single slit [10]. Plasma was generated in an 
elliptical shape along this slit. Therefore, the 
photoresist removal shape in WPA was observed as 
an elliptical shape resembling the plasma emission 
shape. Previous studies show that the ashing rate of 
a photoresist of OFPR5000 at the center of a half-
inch wafer was 12 µm/min, but the rate outside of 
the wafer was only 4 µm/min when the wafer was 
placed on a stage at 3.5 mm below the antenna. 
Plasma irradiation is performed excessively on the 
substrate surface at the wafer center. Therefore, the 
ashing rate uniformity on the wafer surface must be 
improved. 

For this study, we simulated the electric field 
distribution of antenna with various shapes using 
electromagnetic simulation to investigate the ashing 
rate uniformity of the substrate. The experimental 
study was also conducted to confirm improvement 
of the uniformity with the new type of antenna 
developed for this study. 
 
2. Antenna Model Simulation 
2.1. Calculation model 

The slot antenna structure was modified to 
generate uniform plasma and thereby improve the 
ashing rate uniformity. The antenna structure was 
designed using commercially available 
electromagnetic wave simulation software: CST 
Microwave Studio© [10,32]. Figure 1 presents a 
simplified model based on which the simulation was 
performed. Simulation was conducted at 
frequencies of 2.2–2.7 GHz using a time domain 
solver. The electric field distribution was evaluated 
assuming that the microwave input power was 1 W 
because the plasma was not considered in this 
simulation. Microwaves were applied to the antenna 
through quartz with relative permittivity εr of 3.75 
inserted into the R22 standard rectangular 
waveguide with size set to 56 × 28 mm2. The quartz 
was loss-free. Free space boundary conditions were 

applied at the top of the quartz waveguide. The 
chamber was assumed to be a 
polytetrafluoroethylene. The waveguide was 
assumed to be a perfect conductor. The antenna 
material, low-resistance Si, had electrical 
conductivity of 1000 S/m in electric field 
calculations. The chamber interior space was 
regarded as vacuum. Water was not introduced into 
the chamber because the calculation time was 
higher with water even though the calculation result 
underwent no significant change. The antenna 
surface on the chamber side was set as z = 0 mm. 
The electric field distribution was evaluated at z = 0 
mm and z = 6.0 mm. 

Fig. 2 portrays the antenna structure in this 
simulation model. This simulation investigated a 
slot antenna with a single slit (Fig. 2(a)), an H-
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Fig. 1.  Simulation model for electromagnetic waves in 
WPA: (a) side view and (b) bottom view. 
 

Fig. 2.  Simulated antenna structure: (a) slot antenna, 
(b) H-shaped antenna, and (c) double U-shaped 
antenna. 
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Fig. 3.  Central electric field intensity at z = 0 as a 
function of vertical length L of the H-shaped antenna. 
 

shaped antenna used in our earlier study with 
rectangular space at both ends of the slit (Fig. 2(b)), 
and a double U-shaped antenna with a separated H-
shaped structure (Fig. 2(c)). 

 
2.2. Simulation of Electric Field Distribution 

Fig. 3 presents the electric field intensity at the 
center of the antenna surface z = 0 mm as a function 
of vertical length L for the H-shaped antenna 
presented in Fig. 2(b). The electric field intensity 
increases with length L. It takes the maximum value 
at L = 13 mm after which it decreases as L increases 
further. The antenna is considered to have a resonant 
structure when the outer circumference length of the 
slit approaches the microwave wavelength in the 
quartz λε. We experimentally applied the TE10 mode 
in the R22 standard waveguide at 2.45 GHz 
excitation. Therefore, the guided microwave 
wavelength in the quartz λε is equal to λg/√𝜀𝜀𝜀𝜀r ≈ 76 
mm, where λg represents the guided microwave 
wavelength in vacuum. For this study, an H-shaped 
antenna with vertical length L = 12 mm was chosen. 
The outer circumference length was 79 mm, which 
approaches the calculated value of λε. For the 
double U-shaped antenna, the outer circumference 
length of a single slit was set to 71 mm, which is 
also close to the value of λε. For the slot antenna, the 
antenna with slit length LW = 37 mm has maximum 
electric field intensity at total circumference of 75 
mm. However, the slot antenna was manufactured 
with LW = 20 mm for an earlier study because of 
device size restrictions. 

Fig. 4 presents simulation results of the electric 
field distribution at z = 6.0 mm. The electric field 
distribution of the slot antenna in Fig. 4(a) is 
elliptical. This distribution matches well with the 
appearance of the plasma light emission and the 
ashing shape of the photoresist in an earlier study. 
Moreover, results show that the electric field 
intensity decreased greatly as the distance increased 
from the center of the slot antenna, where the 
electric field intensity had a maximum value of 
about 100 V/m. Uniformity of the electric field 
intensity was defined as (Emax-Emin)/2 × Eavg, where 
Emax, Emin, and Eavg respectively represent the 
maximum, minimum, and average electric field 
intensity at 14,641 points in a ± 6 mm square area at 
0.1 mm intervals. The slot antenna uniformity was 
34.2%. However, for the H-shaped antenna 
presented in Fig. 4(b), the electric field distribution 
is circular instead of an elliptical shape. Also, Emax 
increased by one digit compared to the slot antenna. 
The H-shaped antenna uniformity was 36.4%. It is 

expected that the ashing uniformity will not differ 
much, but the ashing rate is expected to be higher 
because plasma is generated easily in a high electric 
field. For the double U-shaped antenna presented in 
Fig. 4(c), the electric field distribution was much 
greater over the 0.5 inch wafer size. The uniformity 
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Fig. 5.  Schematic of the experimental setup. 

was 13.7%. The uniformity is expected to be 
improved considerably. 

 
3. Experiment Results and Discussion 
3.1. Experiment setup 

Fig. 5 presents a schematic diagram of the 
experimental apparatus for WPA. Ultrapure water 
was introduced into the chamber up to 30 mm height 
under the antenna. The chamber pressure was 
reduced using a scroll pump. It was fixed at about 
1.8 kPa. Consequently, the chamber was filled with 
saturated vapor of ultrapure water. Microwaves 
were guided along the TE10 mode of a quartz-filled 
rectangular waveguide, and propagated to the 
antenna installed at the waveguide end. This 
experiment used the slot antenna, the H-shaped 
antenna with L = 12 mm, and the double U-shaped 
antenna. These antenna were cut out from a Si wafer 
with a resistivity of less than 1.2×10-3 Ω ∙ cm. The 
input microwave was modulated using a 100 Hz 
square wave. The peak power was 200 W. The on-
time duty factor was 30%. Plasma emission images 
were obtained from the chamber bottom using a 
digital camera. Ashing was performed on the 
photoresist using these antennas to assess the ashing 
rate uniformity. The ashing target was an image 
reversal photoresist (AZ5214) spin-coated onto a 
half-inch p-type Si wafer. After the wafer was 
placed on an alumina stage at 6.3 mm below the 
antenna, the plasma was irradiated for 1 min. The 
film thickness before and after ashing was measured 
using an interference thickness meter (HORIBA 
STEC). The film thickness before ashing was about 
1.4 μm. The ashing rate and its uniformity were 
evaluated by measuring the film thickness before 
and after ashing at 81 points in a circular area of 10 
mm diameter. 
 
3.2. Results and Discussion 

Fig. 6 portrays emission images of plasma 
observed using the antennas of three types. 
Elliptical plasma was observed with the slot antenna. 
For the H-shaped antenna, an enlarged plasma was 
observed in the vertical direction of the slit. For the 
double U-shaped antenna, results showed that the 
plasma was generated in each slit. These plasmas 
mutually interfered and became one large plasma 
body. This interference was observed only with high 
peak power based on high-speed camera 
observations (emission images are not shown here). 
These findings suggest that the antenna structure 
and modulated microwave power can enlarge the 
plasma shape. 

Fig. 7 shows the ashing rate distribution found for 
each antenna. The maximum value of the color map 
is the same as the maximum value of the ashing rate. 
For the slot antenna, the photoresist was removed 
with an elliptical shape under influence by the 
elliptical plasma shape. However, with the H-
shaped antenna, the photoresist was removed with a 
circular shape influenced by the circular plasma 
shape. These distribution results are similar to the 
electric field distribution but the maximum ashing 
rate did not correlate with the electric field intensity. 
By the double U-shaped antenna, the photoresist 
was removed more uniformly over the entire wafer 
surface than other antennas, indicating improved 
uniformity. However, the ashing rate was highest at 
the wafer center, which was slightly different from 
the electric field distribution. The electron density at 
the center of the antenna increased, probably 
because of integration of the two plasmas generated 
at the double U-shaped antenna. When uniformity is 

Fig. 6.  Emission images of microwave excited plasma 
at Pavg = 60 W, p = 1.8 kPa: (a) slot antenna, (b) H-
shaped antenna, and (c) double U-shaped antenna. 
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Fig. 6.  Emission images of microwave excited plasma 
at Pavg = 60 W, p = 1.8 kPa: (a) slot antenna, (b) H-
shaped antenna, and (c) double U-shaped antenna. 
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Fig. 7.  Photoresist ashing rate distribution at Pavg = 60 
W, p = 1.8 kPa, and d = 6.3 mm: (a) slot antenna, (b) H-
shaped antenna, and (c) double U-shaped antenna. 
 
defined as (Rmax-Rmin)/2 × Ravg, the slot antenna was 
28.4%, the H-shaped antenna was 30.0%, and the 
double U-shaped antenna was 14.7%, where Rmax, 
Rmin, and Ravg respectively represent the maximum, 
minimum, and average ashing rates for results of 
Fig. 7. These distribution results are similar to the 
electric field distribution but the maximum ashing 

rate did not correlate with the electric field intensity. 
It is assumed that the highest ashing rate achieved 
by the double U-shaped antenna is attributable to 
plasma integration and the increased electron 
density and radical density near the substrate. Laser-
induced fluorescence measurement of the H-shaped 
antenna revealed that the OH radical density at d = 
5.5 mm was about 2 × 1014 cm-3[33], so the double 
U-shaped antenna is also regarded as having density 
on the order of 1014 cm-3 or more. The OH radical 
density as well as electron density measurements 
are the future work to understand the ashing rate 
difference between the H-shaped antenna and 
double U-shaped antenna.  
 
4. Conclusion 

Electromagnetic field simulation of the antenna 
structure was performed to improve the ashing rate 
and the uniformity. The H-shaped antenna changed 
the plasma spread from elliptical to circular. The 
ashed photoresist shape also became circular, but 
the uniformity was the same as that for the slot 
antenna. However, for the double U-shaped antenna, 
the uniformity was improved greatly. The maximum 
ashing rate was increased. The ashing rate 
distribution result was similar to the distribution of 
the electric field intensity at 6 mm from the antenna, 
suggesting that the ashing shape can be estimated 
from the simulation. The double U-shaped antenna 
can not only improve the uniformity; it can also 
increase the electric field intensity. The electric field 
intensity obtained using the antenna with the 
optimal shape parameter was 10 times greater than 
that obtained using a conventional slot antenna. 
Results show that the microwave-excited plasma 
was generated efficiently and that the ashing rate 
was higher when using the double U-shaped 
antenna. 
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Microbubbles are tiny bubbles with a particle size of 1 - 100 μm. Microbubbles have been 

reported that the gas dissolving ability is excellent and hydroxyl radical generates when 
microbubbles collapse in water. On the other hand, ozone is a gas with high oxidation power 
and eventually decomposes into oxygen. So, ozone is environmentally friendly. Therefore, 
we thought that ozone microbubbles water, in which ozone is dissolved in microbubbles 
water, could be used to efficiently decompose persistent organic compounds while being 
environmentally friendly. In this study, we evaluated the decomposition of phenol, an object 
subject to wastewater regulation, by ozone water and ozone microbubbles water. At a 
constant dissolved ozone concentration, we could not confirm the effect of microbubbles in 
decomposing phenol. Also, under the same conditions, when the pH was changed, the effect 
of microbubbles could not be confirmed. However, under basic conditions, phenol was 
decomposed the most because of self-decomposition reaction of ozone. Therefore, the effect 
of microbubbles could not be confirmed in the phenol degradation by ozone microbubbles in 
this experiment.  
Keywords: Microbubble, Ozone, Resist removal, Environmentally friendly Cleaning 
technique 

 

1. Introduction 
Microbubbles are tiny bubbles with a diameter of 

1-100 μm and possess remarkable properties 
differing from those of normal bubbles. Firstly, 
rising speed of microbubbles in the water is slow, 
which follow scheme (1). 
 

 
Rising speed of microbubbles is given as (1), where 
uB   is the rising speed and dB  is the diameter. In 
addition, ρL and ρG are liquid and gas density, μL is 
liquid viscosity coefficient and g is gravitational 
acceleration. Due to the large diameter of normal 
bubbles, they float quickly in water, reach the gas-
liquid interface, and disappear after a few seconds. 

On the other hand, since the microbubbles have a 
small diameter, the rising speed is small, and the 
bubble collapses while shrinking. And, 
microbubbles can efficiently dissolve internal gas 
with surrounding liquid because internal gas 
pressure is increased by surface tension at the gas-
liquid interface [1,2]. The size of bubble affects the 
pressure difference between the inside and outside of 
the bubble. The equation (Young-Laplace equation, 
(2)) is shown below. 
 

 
Interfacial tension between gas phase and liquid 
phase is given as (2), where ∆p  is pressure 
difference between inside and outside, σ  is the 
surface tension between water and air and dB is the 

uB  = 
dB

2�ρL - ρG� g
18 μL

            (1) 

∆p = 
4σ
dB

              (2) 
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diameter of the bubble. From this equation, the 
smaller the diameter, the larger the pressure 
difference. Since microbubbles shrink over time, the 
pressure difference becomes larger. This effect is 
called the self-pressurization effect. The most 
interesting property of microbubbles is their ability 
to generate hydroxyl radicals. Due to the self-
pressurization effect, microbubbles shrink and 
release very strong energy upon collapsing, which 
reacts with some of the surrounding water to produce 
hydroxyl radicals (Figure 1). The standard redox 
potential of hydroxyl radicals is much higher than 
that of oxidants such as ozone and hydrogen 
peroxide. The hydroxyl radicals non-selectively 
decompose organic compounds. Therefore, it is 
thought that microbubbles are useful for 
decomposing persistent organic compounds [3,4]. 

On the other hand, ozone is applied to 
environmentally friendly cleaning techniques for 
water and semiconductor manufacturing [5-13]. 
Ozone water degrades compounds with C=C bond to 
ketone and carboxylic acid [14,15]. Additionally, 
ozone generates reactive oxygen species through 
self-decomposition in water. Reactive oxygen 
species can degrade organic compounds because of 
its extremely strong oxidation power. 

Therefore, we thought that ozone microbubbles 
water, in which ozone is dissolved in microbubbles 
water, could be used to efficiently decompose 
persistent organic compounds while being 
environmentally friendly [16-18]. 

In this study, we confirmed the effect of 
microbubbles by decomposing phenol, an object of 
wastewater regulation, by ozone microbubbles [19]. 
In order to focus on the behavior of the electric 
double layer of microbubbles, we changed the pH in 
the aqueous solution and decomposed phenol.  
 

2. Experimental 
2.1. Ozone microbubbles generation systems 

Figure 2 shows a schematic diagram of the ozone 
microbubbles generator. Microbubbles were 
generated using pressurized dissolution method. 
Ozone gas was dissolved by pressurizing with 0.5 
MPa using a bellows pump (ΣP - 15 D - V, Sigma 
Technology Co.). An ozone aqueous solution in a 
supersaturated state was generated and opened to the 
atmosphere through a dispersion nozzle (Resource 
Development Co., Ltd.) to generate microbubbles. 
The presence or absence of microbubbles was 
switched depending on this nozzle. Dissolved ozone 
concentration was measured using the ozone monitor 
(Ebara Kogyo Co., Ltd.). A low-pressure mercury 
lamp with an emission wavelength of 253.7 nm was 
used as the light source. Ozone water was supplied 
to the detection part, and the dissolved ozone 
concentration was measured by measuring the 
ultraviolet absorption amount. 

 
2.2. Decomposition treatment of phenol by ozone 
microbubbles 

Ozone microbubbles were generated in 3 L of ion 
exchanged water. Dissolved ozone concentration 
was stabilized at 30 and 60 mg/L at 15 ± 1 °C 
water temperature. 3mmol of phenol (Wako Pure 
Chemical Industries) was dissolved in ozone 
microbubbles and ozone water and stirred for 5-60 
minutes. The decomposition rate and decomposition 
products of phenol were measured using HPLC. The 
total organic carbon (TOC) content of the treated 
samples was measured using the combustion 
catalytic oxidation method. The pH of the aqueous 
phenol solution was adjusted by using hydrochloric 
acid (Wako Pure Chemical Industries) and sodium 
hydroxide (Wako Pure Chemical Industries). 

 
Fig. 1. Mechanism of hydroxyl radical generated from 
microbubbles. 

 
Fig. 2. Schematic illustration of ozone microbubbles 
generation system. 
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microbubbles. 

 
Fig. 2. Schematic illustration of ozone microbubbles 
generation system. 

3. Results and Discussion 
3.1. Relationship between supplied ozone gas 
concentration and dissolved ozone 
concentration with and without microbubbles 

Fig. 3 shows relationship between supplied 
ozone gas concentration and dissolved ozone 
concentration with and without microbubbles. 
The dissolved ozone concentration increased in 
proportion to the ozone gas supply. When the 
ozone gas supply was kept constant, the 
dissolved ozone concentration of ozone 
microbubbles water was higher than that of 
ozone water. This result suggests that 
microbubbles have a large specific surface area 
and dissolved a lot of gas. 

 
3.2. Decomposition of phenol by using ozone 
microbubbles 

Phenol was decomposed by circulating ozone 
microbubbles water and ozone water for 5 min, and 
the HPLC chromatogram of the aqueous solution is 
shown in Fig. 4. It was found that the phenol was 
decomposed by 70-90% by ozone water and ozone 
microbubbles water treatment for 5 min. Divalent 
phenol was also observed as a decomposition 
product [20,21]. When the concentration of the 
ozone gas supply was kept constant at 120 g/Nm3, 
the phenol was decomposed better by treatment with 
ozone microbubbles water than with ozone water. 
This could be attributed to the increase in dissolved 
ozone concentration by using microbubbles. On the 

other hand, when the dissolved ozone concentration 
was kept constant at 30 mg/L, there was no dominant 
difference in phenol degradation between ozone 
microbubbles water and ozone water. From these 
results, the direct reaction by ozone was the main 
reaction for the decomposition of phenol, and the 
effect of OH radicals, which are thought to be 
generated from the collapsing of microbubbles, 
could not be confirmed. Therefore, hydrogen 
peroxide, one of the decomposition products, which 
is considered to be due to OH radicals generated by 
the self-decomposition of ozone. 

 
3.3. Relationship between decomposition of phenol 
by treatment of ozone microbubbles and pH 

The residual rate of phenol treated with ozone 
water and ozone microbubbles water for 5 min is 
shown in Fig 5. In all conditions, phenol was found 
to be decomposed by 80-90%. Although the 
superiority of microbubbles could not be confirmed 
in all conditions, phenol was decomposed the most 
under basic conditions. This is thought to be due to 
the reaction of ozone and hydroxyl ions, which 
produced a large number of reactive oxygen species 
(scheme 3.).  

Fig. 6 shows the time course of TOC of phenol 
solution treated by ozone microbubbles and ozone 
water. The 60-minute treatment resulted in a 40-60% 
reduction in TOC. The decrease in TOC was not 
observed under acidic conditions than under neutral 
or basic conditions. It is thought that this is because 
under acidic conditions, it is difficult for ozone to 
cause self-decomposition reaction and generate 

 
Fig. 3. Relationship between dissolved ozone 
concentration of ozone water with (●) or without (●) 
microbubbles and ozone gas supply. 

 
Fig. 4. HPLC chromatogram of untreated (black) and 
treated phenol aqueous solution. In addition, these 
treated solutions were prepared by ozone water (blue) 
and ozone microbubbles (red, green) for 5min, 
respectively.  
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reactive oxygen species. This suggests that changes 
in pH affect ozone, but not microbubbles. 

 
4. Conclusion 

At the same ozone gas supply, the dissolved 
ozone concentration was higher in the ozone 
microbubble water than in the ozone water. 
Therefore, phenol was treated at the same dissolved 
ozone concentration to investigate the degradation 
effect of microbubbles. As a result, no significant 
difference in decomposition of phenol could be 
confirmed in ozone water and ozone microbubble 
water treatment. The same experiment was also 
conducted by varying the pH. As a result, the effect 
of microbubbles could not be confirmed at any pH. 
At pH = 2.2, the mineralization of phenol did not 
progress as much as at pH = 6 or 10. This is thought 
to be due to the difficulty of self-decomposition of 

ozone to progress. It is assumed that the 
decomposition of phenol is not caused by 
microbubbles, but caused by ozone. 
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Scheme 3.  Self-decomposition reactions of ozone. 
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2HO2
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HO2
• + • OH → O2 + H2O
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A photosensitive polymer called photoresist is used to create fine circuit patterns on the 

surface of semiconductors. The aim of this study was to improve the resist function by 
incorporating a chemical amplification mechanism into the base polymer, novolac resin. The 
resist is composed of three components: base polymer, dissolution inhibitor (DI), and 
photoacid generator. The ability to inhibit the dissolution of resist polymer in the unexposed 
area was improved by increasing the molecular size of DI. The high acidity of deprotected 
DI with carboxyl groups improved the ability to promote dissolution of resist polymer in the 
exposed area. The resists containing DIs with large molecular size and high acidity showed 
improved resolution. 
Keywords: Novolac resist, Dissolution inhibitor, Positive tone resist, Chemically 
amplified system 

 
1. Introduction 

Semiconductors are used in a variety of electronic 
devices. In order to achieve high performance and 
miniaturization of these electronic devices, 
semiconductors must be made finer and denser [1-
6]. A photosensitive polymer material called 
photoresist is used to form circuit patterns on the 
surface of semiconductors. When the resist is 
exposed, a chemical reaction occurs, which changes 
its solubility in alkaline developing solution. The 
procedure for forming the circuit pattern is shown 
below. After the formation of the oxide film on the 
Si substrate, resist is applied to its surface. The resist 
pattern is then formed on the substrate surface by 
exposure and development. The formed resist 
pattern serves as a mask in the etching process. After 
etching, the resist is removed and the electronic 
circuit is fabricated on the substrate. 

In this study, we developed a three-component 
resist by applying the chemical amplification 
mechanism to novolac resin [7, 8]. A three-
component resist consists of a novolac resin as the 
base polymer, a photoacid generator (PAG) that 

generates protons when exposed, and a dissolution 
inhibitor (DI) that controls the resist's solubility. 
Before exposure, the interaction between the 
novolac resin and DI, such as intermolecular forces 
and hydrogen bonds, prevents the resist film from 
dissolving into the developing solution [9-11]. First, 
exposure releases protons from the PAG, which 
cause the dissolution inhibitor to undergo a 
deprotection reaction and decompose into a 
dissolution accelerator (DA). Since DA is soluble in 
the developing solution, the resist film in the 
exposed area dissolves into the developing solution. 
When the dissolution inhibitor decomposes, protons 
are generated again. This generated proton 
repeatedly works for the dissolution reaction of the 
dissolution inhibitor, and the proton functions as a 
catalyst, which is the chemical amplification 
mechanism [12-14]. The chemical amplification 
mechanism is expected to improve sensitivity and 
resolution over conventional novolac positive 
resists, which consist of two components: a novolac 
resin and a diazonaphthoquinone (DNQ) derivative 
[15-17]. In addition, dissolution of the novolac resin 

Journal of Photopolymer Science and Technology

Volume 34, Number 5 (2021)    －     Ⓒ 2021SPST491 494

491

Received
Accepted

March  31, 2021
April  22, 2021



can be promoted by making the molecular weight 
distribution of the novolac resin wider. This is 
because if the novolac resin has a wide molecular 
weight distribution, the resin with the smaller 
molecular weight will dissolve in the developing 
solution, and the contact area between the resin with 
the larger molecular weight and the developing 
solution will increase. Therefore, the dissolution 
rate is faster than that of novolac resin with a narrow 
molecular weight distribution. Since DA is a low 
molecular weight compound compared to the resin, 
it is thought to function in the same way as a resin 
with a small molecular weight. Therefore, the 
addition of DI is expected to improve the dissolution 
promotion capability over normal resists. 

We improved the dissolution inhibition ability of 
DI and the dissolution enhancement ability of DA 
for novolac resin by designing the molecules of DI. 
The dissolution inhibitor was designed to have 
different numbers of benzene rings in the molecule, 
and the molecular size was varied [18]. In addition, 
by increasing the acidity after decomposition, DA 
dissolves in the developing solution in a shorter time, 
and the contact between the resin and the 
developing solution occurs faster. Thinking that this 
would improve the dissolution promotion ability, 
we synthesized two types of DI: the phenol type, in 
which the decomposition product becomes phenol, 
and the carboxylic acid type, in which the 
decomposition product becomes carboxylic acid. In 
order to evaluate only the effect of acidity after 
degradation, the molecular sizes of phenolic and 
carboxylic acid type DIs were designed to be almost 
equal. These DIs made it possible to incorporate 
acid-catalyzed chemical amplification mechanism 
into the resists by protecting the dissolution 
promoters with tBoc and tBu groups that can be 
degraded by acid. Using the DIs synthesized by the 

above molecular design, we aimed to improve the 
sensitivity and resolution of three-component 
positive resists. 
 
2. Experimental 

Novolac resin (Mw 9000) were used as a base 
polymer. Propylene glycol monomethylether 
acetate (PGMEA) was used as a solvent for base 
resin. 2-Methyl-α-[2-[[(propylsulfonyl)oxy]imi-
no]-3(2H)-thienylidene]benzeneacetonitrile 
(product name : Irgacure PAG103) was obtained 
from BASF and used as a photo acid generater 
(PAG). 2.38% of tetramethylammonium hydroxide 
(TMAH) aqueous solution was used as a developer. 
Hydroquinone (DA1), 4,4'-[1-[4-[1-(4-hydroxyphe-
nyl)-1-methylethyl]phenyl]ethylidenee]bis[phenol] 
(DA2), 4,4'-((2-hydroxyphenyl)methylene)bis(2,6-
dimethylphenol) (DA3) and 4,4'-methylenebis(2-
(4-hydroxybenzyl)-3,6-dimethylphenol) (DA4) 
were used as DA. tBoc-DI1, tBoc-DI2, tBoc-DI3, 
and tBoc-DI4 were synthesized by the reaction of 
DA1-4 with Di-t-butyl Dicarbonate in the presence 
of 4-Dimethylaminopyridine (DMAP) [19]. di-tert-
butyl 2,2'-(((1-(4-(2-(4-(2-(tert-butoxy)-2-oxoetho-
xy)phenyl)propan-2-yl)phenyl)ethane-1,1-
diyl)bis(4,1-phenylene))bis(oxy))diacetate (tBu-
DI2) and di-tert-butyl 2,2'-((((2-(2-(tert-butoxy)-2-
oxoethoxy)phenyl)methylene)bis(2,6-dimethyl-
4,1-phenylene))bis(oxy))diacetate (tBu-DI3) were 
synthesized as follows: DA2, DA3 and t-butyl 
bromoacetate were reacted in DMF in the presence 
of potassium carbonate and heated and stirred in an 
oil bath at 90 °C for 24 h while refluxing [20]. The 
chemical structure of the synthesized DI is shown in 
Scheme 1. 

The polymer solution was prepared by dissolving 
novolak resin in PGMEA and the concentration of 
was 30 wt%. DIs was added at 0.10, 0.20, and 0.30 

 
Scheme 1. Chemical structure of DIs. 
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mmol/g of the novolac resin unit mass into the 
novolac resin solution. The resist solution was 
prepared by adding 3 wt% of photoacid generator to 
the novolac resin. The resist solution was prepared 
by stirring at 80°C when tBoc-DI2 and tBoc-DI3 
was added, and at room temperature when other DIs 
were added. 

The prepared solution was spin-coated on a three 
inches silicon wafer. Silicon wafers were treated 
with 1,1,1,3,3,3-Hexamethyldisilazane (HMDS). 
After spin-coating, the wafer was prebaked on a hot 
plate at 100 °C for 5 min, and the film thickness was 
measured using stylus surface profilometer (Bruker 
Co., Ltd., Dektak XT). The prebaked resist was then 
exposed and baked again at 100 °C for 2 min. All 
films were developed with 2.38% of TMAH 
aqueous solution for 1 min. The film thickness 
remained after development was measured. The 
exposure conducted using M-1S (Mikasa Co., Ltd.). 
 
3. Results and discussion 

To evaluate the dissolution inhibition ability of 
the synthesized dissolution inhibitors against 
novolac resin, resist films with various amount of 
DI were prepared and its Alkali dissolution rate 
(ADR) was measured. The correlation between the 
ADR of the resist film and the amount of DI per 
gram of polymer was shown in Figure 1. Without 
the dissolution inhibitor, the ADR of the polymer 
solution was 2700 nm/min. The ADR of the resist 
films with tBu-DI2 was the smallest, followed by 
tBoc-DI4, tBoc-DI2, tBu-DI3, tBoc-DI3, and tBoc-
DI1 added films. Comparing the ADRs of the resist 
films with the same substituent DIs, the ADRs of the 
resist films became smaller in the order of tBoc-DI1, 
tBoc-DI3, tBoc-DI2, and tBoc-DI4 (tBoc-DI1 < 
tBoc-DI3 ＜  tBoc-DI2 < tBoc-DI4). From these 
results, it was found that the dissolution inhibition 
ability increased as the molecular size of DI 
increased. When the ADRs of the resist films were 
compared by DI of the same structure, the ADRs of 
the films containing tBu-DI2 were smaller than 
those of tBoc-DI2 and those of the films containing 
tBu-DI3 were smaller than those of tBoc-DI3 (tBu-
DI2, 3 < tBoc-DI2, 3). Therefore, it was found that 
the dissolution inhibition ability of DI protected by 
tBu group was larger than that of tBoc group. 

The effect of DI on resist properties was 
evaluated using tBoc-DI2, 3 and tBu-DI2, 3 with 
different acidity after deprotection. The sensitivity 
curve is shown in Figure 2 and 3. Exposure dose at 
which the resist film began to dissolve was smaller 
for the tBoc group-protected resist than for the tBu 

group-protected resist. This may be attributed to the  
fact that tBoc groups are more easily decomposed 
than tBu groups. The sensitivity was 70, 85, 200, 
and 220 mJ/cm2 for tBoc-DI2, tBoc-DI3, tBu-DI2, 
and tBuDI3 added resists, respectively, and resists 
including tBoc-protected DI had higher sensitivity. 
Since tBoc group-protected DI becomes phenol 
after decomposition and tBu group-protected DI 
becomes carboxylic acid after decomposition, we 
expected that tBu-DI2, 3 added resists with higher 
acidity after decomposition would have higher 
sensitivity, but the actual result was the opposite. 
Next, the γ value was calculated according to 
Equation 1. 

 
Fig. 1. ADR of polymer films containing tBoc-
DI1(+), tBoc-DI3(◆), tBu-DI3(▲), tBoc-DI2(×), 
tBoc-DI4(■) and tBu-DI2(●). 

 
Fig. 2. Sensitivity curves of Novolac resist including 
tBoc-DI2 (▲) and tBu-DI2 (●)). 

 
Fig. 3. Sensitivity curves of Novolac resist including 
tBoc-DI3 (▲) and tBu-DI3 (●). 
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𝛾𝛾𝛾𝛾 = 0.5[log(𝐷𝐷𝐷𝐷0 𝐷𝐷𝐷𝐷50⁄ )]−1   (1) 
The exposure amount when the residual film ratio is 
0% is "D0" and the exposure amount when the residual 
film ratio is 50% is "D50". The γ values are 1.18, 0.87, 
2.02, and 2.92 for the tBoc-DI2, tBoc-DI3, tBu-DI2, 
and tBuDI3 added resists, respectively, and the tBu 
group protected resist is expected to have better 
pattern resolution.  

The shapes of the patterns created using tBoc-DI2 
and tBu-DI2 added resists were observed using 
SEM to evaluate the pattern resolution. Each pattern 
image is shown in Figure 4. For patterning, a mask 
with L/S = 3 µm was used. The resist including 
tBoc-DI2 was exposed at 85 mJ/cm2 and the resist 
including tBu-DI2 was exposed at 660 mJ/cm2. 
Comparing the shapes of the patterns produced, it 
was found that the tBu-DI2 doped resist produced 
better shaped patterns. Therefore, it was found that 
the improvement in pattern resolution was achieved 
by using a carboxylic acid type DI. 

 

 
4. Conclusion 

A three-component resist was developed by 
applying the chemical amplification mechanism to 
novolac resin. By increasing the molecular size of 
DI, the inhibitory ability of DI to dissolve the 
polymer was improved. In the case of the tBoc 
group-protected DI added resist, the sensitivity was 
improved compared to the tBu group-protected 
resist. Resists added with tBu group-protected DI, 
which have a higher acidity after decomposition, 
have improved contrast; when resists added with 
tBu-DI2 were used, 3 μm patterns could be formed. 
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Photoresist is used for circuit fabrication in semiconductor devices. The material generally 
used for manufacturing semiconductor devices is the novolak-type positive-tone resist; 
however, it is necessary to minimize its line width while improving the resolution. To 
improve the resolution of novolak-type positive-tone resist, in this study, developers 
containing water-soluble organic solvents or surface-activating agents have been designed 
for controlling the resist solubility. The addition of glycerol, as a water-soluble organic 
solvent in the developer, inhibits the dissolution of the novolak resist, particularly in the 
unexposed area. The developer containing glycerol improves the novolak resist resolution, 
thereby developing a fine pattern. 

Keywords: Developer, Novolak-type resist, Positive-tone resist, Developer additive 
 
 

1. Introduction 
To improve the performance of electronic 

devices such as smartphones, lithography 
technology has been developed to improve the 
density and integration of semiconductor devices. 
Lithography pattern scaling has improved the 
resolution by implementing a short-wavelength 
light source for lithography. In the development of 
photoresists specific to each wavelength, such as g-
line (426 nm), i-line (365 nm), KrF (248 nm), ArF 
(193 nm), and EUV (13.5 nm), it is necessary to 
select suitable polymer to ensure wavelength 
transmittance. Generally, a novolak-type resist is 
used in g-line and i-line lithography, polyhydroxy 
styrene-type resist in KrF, and polymethacryl-type 
resist in ArF [1–5]. 

Furthermore, tetramethyl ammonium hydroxide 
(TMAH) aqueous solution has been widely applied 
to an alkali developer without metallic ions during 
the lithography process [6–9]. In addition to the 
transition of the resist following a shorter 
wavelength, the alkali developer was also improved. 
To improve the resolution of the resist pattern, the 
molecular structure of the organic alkali in the 
developer was reconstructed to inhibit the swelling 

of the resist pattern, and a water-soluble organic 
solvent or surface activating agent was added to the 
developer to control the developer wettability to the 
resist and substrate, as reported in several patented 
studies [10–12]. However, how these additives 
control the swelling of resist and the wettability of 
the developer to the resist has not been described in 
detail. To reveal the effect of water-soluble organic 
solvent on the developer, it is necessary to 
thoroughly examine the lithography process, 
especially the resist solubility. 

Therefore, this study evaluates the effect of 
adding a water-soluble organic solvent in an alkali 
developer, particularly glycerol. The lithography 
performance of a novolak-type positive-tone resist 
in developer TMAH aqueous solution with or 
without glycerol is observed and compared based on 
a sensitivity curve and exposure dose vs. solubility 
curve [13–16]. Furthermore, we compared the 
resolution of the novolak resist with the developed 
TMAH aqueous solution with or without glycerol 
by the lithography simulation system (PROLITH) 
and direct observation of the resist pattern profile 
using scanning electron microscopy (SEM) images 
[17–20]. 
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2. Experimental 
2.1. Evaluation of novolak resist solubility 

OFPR-800LB 23cp (Tokyo Ohka Kogyo), for a 
novolak-type positive-tone resist, was coated on a 
3-inch silicon wafer hydrophobized with hexa-
methyl disilazane (HDMS) using a spin-coater 
(Opticoat MS-100A, Mikasa) at 2000 rpm for 30 s. 
After coating, the wafer was pre-baked on a hot 
plate (HHP-4030, Azone) at 90 °C for 1 min, and 
the film thickness was measured using a stylus 
surface profilometer (Dektak 6M, Bruker). 
Thereafter, the resists were exposed to 365 nm in 
the mask aligner M-1S (Mikasa Co., Ltd.) through a 
bandpass filter (MX0365, Asahi Spectra); the resists 
were baked again on a hot plate at 90 °C for 1 min. 
Thereafter, novolak resist were developed for 2 min 
by hand stirring at 23 °C with 2.38% TMAH 
aqueous solution, 2.38% TMAH and 2.00% 
glycerol aqueous solution (TMAH 2.38%/Gly 2% 
aq.), and 2.38% TMAH and 4.00% glycerol 
aqueous solution (TMAH 2.38%/Gly 4% aq.). 
Developers were diluted from 25% TMAH aqueous 
solution with water and glycerol, maintaining the 
concentration of TMAH constant at 2.38%. The 
remaining film thickness after the development was 
measured using a stylus surface profilometer 
(Dektak 6M). 
 
2.2. Simulation of pattern profile 

The performance of the novolak resist in the 
prepared developer was evaluated using a resist 
development analyzer (RDA-790, Litho Tech 
Japan). After resist formation in the process 
described in 2-1, novolak resist were developed for 
3 min with each developer in the RDA at 23 °C. 
Subsequently, the maximum and minimum 
solubility rates of the novolak resist in each 
developer were calculated. The resist pattern profile 
after development can be readily obtained by 
providing several parameters as input to the profile 
simulator as follows: Novolak resist ABC 
parameter input to 1.0 µm-1 as A Parameter, 0.1 µm-

1 as B Parameter, and 0.015 cm2/mJ as C Parameter. 
The exposure parameter inputs were the wavelength 
of 365 nm, N.A. as 0.50, and σ as 0.50. Resist 
formation condition was ensured through 
appropriate input to the 2-1 process. The maximum 
and minimum solubility rates (Rmax and Rmin) 
obtained by RDA evaluation were substituted into 
the development parameters. Finally, as the 
development conditions, the temperature and time 
inputs of 23 °C and 60 s, respectively, were ensured. 
 

2.3. Direct observation of pattern profile 
OFPR-800LB was coated on an 8-inch silicon 

wafer hydrophobized with HDMS using a spin-
coater (Clean Track Act-3, Tokyo Electron) at 700 
rpm for 10 s, and subsequently, at 2600 rpm for 30 
s. After spin-coating, the wafer was prebaked at 
90 °C for 1 min. The exposure was conducted using 
an i-line stepper (NSR-2005iC9, Nikon), and the 
exposed amount was 60–140 mJ/cm2; the depth of 
focus ranged from -4 mm to +8 mm. Thereafter, the 
resists were exposed and baked again at 90 °C for 1 
min. Subsequently, resists were developed with 500 
mL of 2.38% TMAH aqueous solution or 2.38% 
TMAH and 2.00% glycerol aqueous solution for 2 
min. Moreover, the observed shape and lithographic 
properties were determined via SEM (SU8230, 
Hitachi High Tech), and the resolution of the pattern 
was evaluated. 

 
3. Results and discussion 
3.1. Evaluation of novolak resist solubility 

The sensitivity curve and lithography parameters 
are shown in Fig. 1. and Table 1. The amounts of 
resist loss in the unexposed area are 102 nm, 49 nm, 
and 41 nm corresponding to TMAH 2.38% aq., 
TMAH 2.38%/Gly 2% aq., and TMAH 2.38%/Gly 
4% aq., respectively. The amounts of exposure 
necessary for complete dissolution of the resist 
(Eth) are 37.5 mJ/cm2, 44.0 mJ/cm2, and 120 
mJ/cm2, corresponding to TMAH 2.38% aq., 
TMAH 2.38%/Gly 2% aq., and TMAH 2.38%/Gly 
4% aq. The solubility of the novolak resist decreases 
as the amount of glycerol in the alkali developer 
increases. The γ values of the sensitivity curve 
calculated at E0.8 were 0.40, 0.63, and 0.58, 
corresponding to TMAH 2.38% aq., TMAH 
2.38%/Gly 2% aq., and TMAH 2.38%/Gly 4% aq. 
The sensitivity curve results indicate that the 
developer containing glycerol inhibits the resist 
dissolution of the unexposed area and improves the 

Fig. 1. Sensitivity curve of OFPR-800LB, for the 
developer, TMAH 2.38% aq. (●), TMAH 2.38%/Gly 
2.0% aq. (◆), and TMAH 2.38%/Gly 4.0% aq. (▲). 
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calculated at E0.8 were 0.40, 0.63, and 0.58, 
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The sensitivity curve results indicate that the 
developer containing glycerol inhibits the resist 
dissolution of the unexposed area and improves the 

Fig. 1. Sensitivity curve of OFPR-800LB, for the 
developer, TMAH 2.38% aq. (●), TMAH 2.38%/Gly 
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novolak resist resolution. The optimized amount of 
glycerol was considered to be 2.0% because of the 
highest γ value and a small increase in Eth. 

 
3.2. RDA evaluation of resist solubility 

To thoroughly examine the resist solubility, we 
developed a novolak resist in TMAH 2.38% aq. and 
TMAH 2.38%/Gly 2% aq., through RDA. Figure 2. 
and Table 2. show the exposure dose vs. solubility 
curve and the Rmax, Rmin, and development contrast 
(Rmax/Rmin). The solubility rate of the novolak resist 
decreases in both the exposed and unexposed areas 
by adding glycerol to the developer. However, 
consequently, the solubility contrast increases 
because Rmin decreases to approximately 1/6th the 
initial value, whereas the value of Rmax is almost 
halved.  

 
3.3. Evaluation of resist resolution 
3.3.1. Simulation of pattern profile 

We compared the resolution of the novolak resist 

developed in TMAH 2.38% aq. and 2.38%/Gly 2% 
aq. L/S =1 µm/1 µm and the thickness of 1.3 µm; 
the pattern was simulated by the PROLITH input 
solubility rate obtained from the RDA evaluation. 
The simulated patterns and their profiles are shown 
in Fig. 3. and Table 3. The optimized conditions for 
the exposure dose and depth of focus were 118 
mJ/cm2 and +0.50 µm in TMAH 2.38% aq., and 159 
mJ/cm2 and +0.48 µm in TMAH 2.38%/Gly 2% aq., 
respectively. The resist loss and sidewall angle of 
the optimized pattern profile were 164 nm and 83.6° 
in TMAH 2.38% aq., and 25 nm and 86.8° in 
TMAH 2.38%/Gly 2% aq., respectively. The 
simulation indicated that glycerol improved the 
novolak resist resolution, as shown by the decreased 
resist loss and the sidewall angle approaching 90°. 
Furthermore, glycerol lowered the resist sensitivity, 
as indicated by the larger value of the optimized 
exposure. 

 
3.3.2. Direct observation of pattern profile 

The L/S =1 µm/1 µm and the thickness of 1.3 µm 
in the pattern was actually developed in TMAH 
2.38% aq. and TMAH 2.38%/Gly 2% aq. Moreover, 
the shape of the pattern profile was observed using 
SEM micrograms. The pattern image and scaled 
parameters are shown in Fig. 4. and Table 4. The 
resist loss and sidewall angle are 181 nm and 73.8° 

Table 1. Lithography parameter of sensitivity curve. 
Developer TMAH 

2.38% aq. 
TMAH 

2.38%/Gly 
2% aq. 

TMAH 
2.38%/Gly 

4% aq. 
Resist loss 

(nm) 102 49 41 
Eth 

(mJ/cm2) 37.5 44.0 120 
γ value 0.40 0.63 0.58 

Table 3. Pattern profile from PROLITH. 
Developer TMAH 

2.38% aq. TMAH 2.38% 
/Gly 2% aq. 

Optimized focus 
(µm) 0.50 0.48 

Optimized exposure 
(mJ/cm2) 118 159 

Resist loss (nm) 164 25 
Sidewall angle (°) 83.6 86.8 

Table 2. Evaluation of resist solubility by RDA  
Developer TMAH 

2.38% aq. TMAH 2.38% 
/Gly 2% aq. 

Rmax (nm/sec) 90.4 55.7 
Rmin (nm/sec) 1.37 0.22 
Rmax/Rmin 66.0 251.0 

Fig. 2. Dose solubility rate curve of OFPR-800LB 
developed with TMAH 2.38% aq. (●) and TMAH 
2.38%/Gly 2.0% aq. (◆). 

Fig. 3. Simulated pattern profile developed with TMAH 
2.38% aq. (a) or TMAH 2.38%/Gly 2.0% aq(b). 

(a) 
 

(b) 
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in TMAH 2.38% aq., and 72 nm and 77.2° in 
TMAH 2.38%/Gly 2.0% aq., respectively. In the 
pattern developed in TMAH 2.38%/Gly 2.0% aq., 
the resist loss was smaller, and an improved shape 
was observed. The SEM images indicated that 
glycerol improved the novolak resist resolution 
because of the decreased resist loss and the sidewall 
angle approaching 90°. This was because glycerol 
inhibited the dissolution of the unexposed area more 
effectively than that of the exposed area. 

 
4. Conclusions 

The addition of glycerol in TMAH aq. improved 
the resolution of the novolak resist pattern profile in 
both the simulation and direct observations, 
compared with that of TMAH 2.38% aq. The fact 
that glycerol improved the resolution of the novolak 
resist can be due to an increase in the solubility ratio. 
These results indicate that adding glycerol to the 
developer can decrease the dissolution of the 
novolak resist, particularly in the unexposed area, 
without any process control. 
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Table 4. Pattern profile from direct observation. 
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We earlier reported that addition of a small amount of O2 gas in the atmosphere where H 
radicals are generated on a high-temperature tungsten filament improves the photoresist 
removal rate of positive-tone novolac photoresists for i/g lines. This study investigated effects 
of photo-active compound (PAC) on the photoresist removal. Addition of more than 1.5 sccm 
of oxygen to 100 sccm of hydrogen gas flow decreased the removal rate. In pure novolac 
resin, cross-linking of the resin can be one of the causes of this decrease at temperatures 
higher than 240 °C. The rate of removal with PAC decreased much more than with pure 
novolac resin over 240 °C. This removal rate decrease might be ascribed to cross-linking not 
only between the resin and the PAC but also between the resins. OH radicals can be used 
effectively for photoresist removal by generating sufficient H radicals to prevent such cross-
linking. 
Keywords: Crosslinking, Hardening, H2/O2 mixture, Photo-active compound (PAC), 
Radical, Removal 
 

1. Introduction 
Photoresists are used widely to fabricate fine 

patterns on substrates in nano-device and micro-
device manufacturing processes. Photoresists play 
extremely important roles in processes such as 
etching and ion implantation, to protect 
predetermined areas. However, when its role has 
been fulfilled, it must be removed for later processes. 

Chemicals are commonly used for photoresist 
removal [1], but they are expensive and have 
deleterious environmental effects. Such chemicals 
that are used leave organic residue that must be 
cleaned and purified. Therefore, some processes use 
dry processes with oxidizing gases such as ozone [2] 

and oxygen plasma [3]. During drying, oxidizing 
gases are used to ash the photoresist. Some concern 
arises that oxidation can degrade device quality. 

Removal using H-radicals, which have excellent 
reducing ability, can be effective to resolve these 
difficulties [4–6]. Actually, H radicals can be 
generated by catalytic decomposition of molecular 
hydrogen on the surface of a heated metal filament 
[7]. Because this method uses no chemicals or 
plasma, it reduces the environmental effects and 
avoids plasma damage to the device. Nevertheless, 
the slow removal rate is a persistent difficulty with 
this method. 

Increasing the removal rate somewhat is 
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technically feasible by optimizing the process 
conditions [5]. However, the removal rate is limited 
by the reaction rate of H radicals on the photoresist 
surfaces. As long as only hydrogen radicals are used, 
the removal rate improvement is limited. Therefore, 
we specifically examined OH radicals, which 
generally have higher reactivity [8, 9]. 

According to Umemoto and Moridera, when an 
H2/O2 mixture gas is activated on the tungsten 
filament surface, a small amount of OH radicals 
(about 1/100th of the H radicals produced) are 
generated [10]. We have reported that, by 
optimizing the amount of oxygen introduced, the 
removal rate of positive-tone novolac photoresists 
for i/g lines can be improved by 1.7 times [11]. 
However, introduction of an excessive oxygen 
decreases the removal rate. 

Presumably, the decrease in the amount of H 
radicals produced decreases the removal rate 
because the catalytic poisoning effect of O radicals 
occurring on the catalyst surface [10]. The removal 
rate rises in directly proportion to the amount of H 
radicals generated [12]. Besides this, however, the 
cross-linking and hardening of the photoresist may 
also cause the reduction of the removal rate [13]. 

Positive-tone novolac photoresists for i/g lines 
mainly consist of novolac resin and a photo-active 
compound (PAC; diazonaphthoquinone sulfonate 
acid ester). The novolac thermosetting resin is 
cross-linkable when cured at 250–300 °C [5, 14]. 
Generally, PAC is placed to fill gaps in the polymer 
chains of the novolac resin; diazo couplings can be 
formed between the resins when unexposed [15–17]. 
In dry processes such as the method used for this 
study, the photoresist substrate is often heated to 
increase the removal rate. Then PAC might be 
altered and might play an intermediary role in cross-
linking between the resins. This study examined 
photoresist removal rates using various amounts of 
PAC with a H2/O2 gas mixture activated on the 
tungsten hot filament surface.  

 
2. Experimental 
2.1. Preparation of novolac photoresists 

For the photoresist, we used positive-tone 
novolac photoresists prepared using the ratio shown 
in Table 1. Solids (novolac resin and PAC) were 
dissolved in liquid (propylene glycol methyl ether 
acetate (PGMEA)) at a ratio of 78 wt% (liquid) / 22 
wt% (solid) [18, 19]. The PAC contents were 0, 9.4, 
and 18.7 wt% of solids in the photoresist. In general, 
the amount of PAC in positive-tone novolac 
photoresists is said to be about 20% of the solid 

content. The base resin of this photoresist was 
polymerized from m-cresol (m), p-cresol (p) and 2.4, 
2.5-xylenol (Xyl), in a ratio of 50 (m) / 35 (p) / 15 
(Xyl). The weight- averaged molecular weight was 
6500-7900. The PAC used was naphthoquinone 
diazo esterified with 2, 3, 4, 4'-
tetrahydroxybenzophenone. The esterification ratio 
of PAC is 75%. 

 
Table 1.  Photoresist preparation ratio with different 
PAC contents 

Content 
of PAC 

[%] 

Content rate [wt%] 
Solid Liquid 

Novolac resin PAC PGMEA 
18.7 17.88 4.12 78.0 
9.4 19.94 2.06 78.0 
0 22.00 0.00 78.0 

 
After these photoresists were spin-coated onto Si 

wafers at 2.6 × 103 rpm for 20 s using a spin coater 
(K-359 S-1; Kyowa Riken Co., Ltd.), they were pre-
baked in an oven (CLO-2AH; Koyo Thermo 
Systems Co., Ltd.) at 100 °C for 60 s. The initial 
film thickness of each sample after spin coating was 
1.0 ± 0.2 μm, as measured using a surface profiler 
(Surfcom 480A; Tokyo Seimitsu Co., Ltd.). 
 
2.2. Conditions for photoresist removal 

The experiment apparatus and the procedure 
were similar to those described elsewhere [5–8]. 
The H2 gas (≥99.99%; Takamatsu Teisan Co.) flow 
rate was fixed at 100 sccm using a mass flow 
controller. (SEC-400MK2; STEC Inc.). The O2 gas 
(≥99.5%; Iwatani Sangyo Co. Ltd.) flow rate was 
varied between 0 and 2.5 sccm using another mass 
flow controller (SEC-400MK3; STEC Inc.): i.e., the 
amount of added oxygen (flow rate ratio of O2 to H2) 
was varied between 0 and 2.5%. The typical total 
pressure under processing was 2.7 kPa. A resistively 
heated coiled tungsten filament (99.9%, 0.5 mm 
diameter; The Nilaco Corp.) was used for radical 
generation. The filament length was 0.36 m. The 
coils in the coiled section were 12, with 28 mm 
length and 8 mm diameter. The substrate–filament 
distance was set to 20 mm. A DC current source 
(EX-750L2; Takasago Ltd.) was used to heat the 
filaments. The filament temperature, set to 1600 °C, 
was measured through a quartz window using a two-
wavelength (0.80 and 1.05 μm) infrared radiation 
thermometer. 

The change in film thickness during photoresist 
removal was evaluated using thin-film interference 
of the photoresist [8]. By thin film interference, the 
peaks and valleys of the reflected light intensity are 
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technically feasible by optimizing the process 
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PAC with a H2/O2 gas mixture activated on the 
tungsten hot filament surface.  
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heated coiled tungsten filament (99.9%, 0.5 mm 
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coils in the coiled section were 12, with 28 mm 
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filaments. The filament temperature, set to 1600 °C, 
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removal was evaluated using thin-film interference 
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observed alternately during the film thickness 
change. The film thickness was calculated from this 
change in reflected light intensity. A green laser 
beam (520 nm, 150 mW, CivilLaser; Naku 
Technology Co. Ltd.) was used as the light source. 
This light was incident on the center of the stage at 
an angle of incidence of 76° to the substrate surface. 
A reverse-biased Si photodiode (S1787-04; 
Hamamatsu Photonics KK) was used as a 
photodetector to measure the intensity of light 
reflected from the substrate. DC +5 V was 
connected to its cathode through a 60 kΩ 
photoresistor. The reflected light intensity was 
found by correcting the voltage across the 
photoresistor. 

The substrate was heated using a substrate stage 
heater. The dependence of the removal rate on the 
substrate surface temperature was evaluated. The 
removal rate includes not only the decrease in film 
thickness because of the photoresist decomposition, 
but also the decrease in film thickness because of 
photoresist shrinkage. A sheathed thermocouple 
(TK φ1.6×L300; AS One Corp.) was used for 
surface temperature measurements. The 
thermocouple was placed on the substrate surface at 
a 20 mm distance from the center of the stage. The 
temperature and film thickness were measured 
simultaneously at 0.2 s intervals. Table 2 shows the 
initial temperature of the substrate surface, the 
temperature reached, and the rate of temperature 
increase. The removal rate was calculated from the 
average film thickness decrease during 2 s. 
 
3. Results and discussion 

Figure 1 shows the substrate surface temperature 
dependence of the photoresist removal rates with 
various PAC contents. The removal rate curves 
shown in Fig. 1(a) are explained first. The increase 
in the removal rate at surface temperatures of 
100 °C to 150 °C is ascribed to thermal shrinking 

caused by volatilization of the residual solvent, 
which is probably PGMEA (boiling point 146 °C) 
left in the photoresist film [5]. The removal rate with 
1.0 sccm of oxygen at temperatures higher than 
150 °C was slightly higher than that in the pure 
hydrogen system. When H2/O2 gas mixture is 

(c) Novolac resin + PAC 18.7 wt% 
 

(a) Novolac resin only 

Fig. 1. Surface temperature dependence of the removal 
rate of the prepared resists: (a) novolac resin only; (b) 
novolac resin + PAC 9.4 wt%; (c) novolac resin + PAC 
18.7 wt%. 

(b) Novolac resin + PAC 9.4 wt% 

Table 2. Initial temperature, attained temperature and 
the average rate of temperature rise of the substrate 
surface. 

Amount of 
oxygen 

added [sccm] 

Initial 
temperature 

[°C] 

Attained 
temperature 

[°C] 

Average 
temperature 

rise rate 
[°C/min] 

0.0 25.3 281 22.3 
0.5 25.3 277 21.3 
1.0 25.4 283 20.8 
1.5 25.4 284 21.5 
2.0 25.1 255 21.9 
2.2 25.4 266 20.4 
2.5 25.2 265 21.7 

 

J. Photopolym. Sci. Technol., Vol. 34, No. 5, 2021

501



 

 

activated using a tungsten hot filament, not only H 
radicals but also O and OH radicals are generated 
[10]. Among them, OH radicals are an extremely 
active species, with strong oxidizability [8]. 
Therefore, the OH radicals can induce the removal 
rate increase. However, when the oxygen additive 
amount is 2.5 sccm, the H radicals population 
decreases because of catalytic poisoning by oxygen 
[10]. The decrease in the removal rate associated 
with low H-radical density can be observed at 
temperatures higher than 250 °C. 

Figure 1(b) also shows that the removal rate at 1.0 
sccm of oxygen addition is higher than that of 100% 
H2. On the other hand, those over 2.0 sccm were 
smaller, when the temperature was higher than 
225 °C. Although the photoresist removal rate 
generally changes according to the Arrhenius 
equation with respect to the surface temperature [12, 
20], this removal rate curve exhibited different 
behavior from that implied by the Arrhenius 
equation. The slope of the curves in the temperature 
range of 225–260 °C are smaller than those in Fig. 
1(a).  

As shown in Fig. 1(c), when the oxygen flow rate 
was more than 2.0 sccm, the decrease in the removal 
rate for 18.7 wt% PAC was larger than that for 9.4 
wt% PAC. The behavior of 9.4 wt% PAC described 
above is intermediate between the pure resin (Fig. 
1(a)) and the 18.7 wt% PAC. 

Explaining the decrease in the removal rate of 
PAC-containing photoresists is difficult by the 
decrease in the H radical population solely. Cross-
linking and hardening of the photoresist must take 
place at a temperature over 225 °C, besides the 
degradation. Differences in the removal rate curves 
involved in these competition reactions are 
discussed later. 

To clarify the PAC effects on the removal rate 
when oxygen is added, we plotted the O2 additive 
amount dependence of the removal rate. Figures 
2(a)–(c) show dependence at three temperatures. In 
Fig. 2(a) (surface temperature 200 °C), no marked 
change is evident in the removal rate with the 
additive amount of oxygen. In Fig. 2(b) (surface 
temperature 225 °C), the behavior is almost 
identical. Fig. 2(c) (surface temperature 250 °C) 
shows that, above 1.0 sccm, the removal rate 
decreases slowly with increased oxygen. For 
samples containing more than 9.4 wt% PAC, the 
decrease is more pronounced than in samples 
without PAC. The cause of this will be discussed 
below.  
 In general, in the photoresist removal by radicals, 

the decomposition processes compete with cross-
linking, and hardening by external stimuli such as 
heat. Even for a pure resin, the temperature increase 
causes thermal cross-linking [5, 14]. When the resin 
is heated, the hydroxyl group itself and H of 
hydroxyl or methyl group on the side chain of 
novolac resin desorb and dangling bonds are 

(a) Surface temperature: 200 °C 

(b) Surface temperature: 225 °C 

Fig. 2. Dependence of the removal rate of the prepared 
resist on the amount of oxygen added: (a) surface 
temperature 200 °C; (b) surface temperature 225 °C; (c) 
surface temperature 250 °C. 

(c) Surface temperature: 250 °C 
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produced. When the amount of added oxygen is 
slight, H radicals are generated sufficiently on wire 
surfaces. Then the dangling bonds, if produced, 
might be terminated by hydrogen radicals before 
cross-linking. Consequently, the cross-linking can 
be prevented. Therefore, the decrease in the removal 
rate is minor if the temperature is raised. However, 
the addition of an excessive amount of O2 decreases 
the population of H-radicals generated. In this case, 
the cross-linking via side chains (thermal cross-
linking) must proceed because the hydrogen 
termination of dangling bonds should be suppressed. 
Accordingly, the removal rate can be inferred to 
have decreased in the high temperature range, as 
presented in Fig. 1(c). 

Here we consider that not only PAC-mediated 
crosslinking but also the thermal crosslinking has 
taken place in the resins containing PAC. Actually, 
PACs are inherently unstable. Some examples are 
that they easily induced a chemical change by 
ultraviolet light. They are perhaps more sensitive 
than novolac resin. When novolac resin contains 
PAC, then the H radicals must also terminate the 
dangling-bonds on PAC. In any case, if the 
population of generated H radicals is sufficient, the 
dangling bonds can be terminated. Therefore, in a 
pure hydrogen system, the effect of the presence or 
absence of PAC is slight. However, the addition of 
an excessive amount of O2 decreases the population 
of generated H-radicals. Hydrogen termination 
might become less likely. Fundamentally, PAC is 
placed to fill in the space between the polymer 
chains of the novolac resin. When unexposed, PAC 
builds diazo coupling with the novolac resin [15–
17]. Cross-linking via PAC might proceed more 
rapidly than hydrogen termination. Therefore, at 
high temperatures, the removal rate with PAC might 
be lower than that without PAC. 

 
4. Conclusion 

This study examined photo-active compound 
(PAC) effects on photoresist removal. Specifically, 
the removal rate of photoresists containing various 
amounts of PAC were investigated using a tungsten 
filament activated H2/O2 gas mixture. The findings 
of this study are explained below. 

 
(a) Both with and without PAC, the removal rate 

was raised by adding oxygen less than 1.0 sccm. 
However, when more than 1.5 sccm of oxygen 
was added, the removal rate decreased in the 
high-temperature range. This finding might be 
attributable not only to a decrease in the 

population of H-radicals generated, but also to 
the associated thermal cross-linking. 
 

(b) In the high-temperature range (over 240°C), 
the decrease in the removal rate that occurred 
when more than 1.5 sccm of oxygen was added 
became more pronounced as the amount of 
added PAC was increased. This finding might 
be attributable not only to thermal cross-
linking of the resin but also to cross-linking 
through PAC. It is concluded that the presence 
of PAC affected photoresist removal. 

 
Thermal cross-linking and PAC-mediated cross-

linking described above might be attributed to the 
decreased population of H-radicals generated. 
Therefore, the highly reactive OH radicals can be 
used effectively photoresist removal by generating 
sufficient H radicals to prevent cross-linking. PAC 
is fundamentally important because they provide 
photosensitizing effects, which is indispensable for 
photoresists. However, if it causes cross-linking, 
then it will have a negative effect on removal. 
Therefore, if a photoresist with photosensitivity but 
which does not cause cross-linking could be used, 
then one could expect further improvement in 
removal performance in an environmentally 
friendly method such as that used for this study. 
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  This study investigates nodule deformation and contact area during PVA roller-type brush 
scrubbing to clarify their relationship with cross-contamination. Two high-speed video 
cameras with collimating LED light sources and an evanescent field on a prism enabled us 
to observe brush nodule deformation and contact area. Deformation analysis showed that the 
volume of a roller-type brush changes gradually at the beginning of compression, deforms 
more when vertically pushed at maximum compression, and then recovers rapidly at the end 
of compression. The brush contact area changes according to the brush and wafer rotation 
speed. The contact area can be categorized into three: the front, rear side face in the brush 
traveling direction, and vertically pushed bottom face on the surface. We analyzed the three 
types of brush contacts on a 100 mm type wafer and observed that the vertical compression 
type significantly affected the cross-contamination region. 
Keywords: Cleaning, PVA brushes, Deformation, Cross-contamination, Nanoparticles 

 
 

1. Introduction 
Cleaning is a necessary process in semiconductor 

device manufacturing. In semiconductor cleaning, 
chemical and physical actions are used [1] owing to 
the need to remove ultrafine impurities in a limited 
time. A variety of physical cleaning methods are 
utilized including ultrasonic waves [2-4], droplet 
impingements [5-7], brush scrubbing [8-10], and 
lasers [11-13]. 

Brush scrubbing, a type of contact cleaning 
widely used for post-CMP cleaning, causes cross-
contamination [14-15]. Contamination involves 
transferring the characteristic brush nodule shape 
patterns on a wafer after cleaning [16-17]. However, 
the effects of rotating both the brush and wafer have 
not been clarified. Besides, improving liquid mixing 
near the wall surface plays an important role in 
brush cleaning [18]. Nevertheless, the relationship 
between brush nodule deformation during 
scrubbing and liquid mixing has not been clarified. 

In this study, we investigated the deformation and 

contact behavior of a roller-type PVA brush on a 
rotating wafer. We observed brush nodule 
deformation during rotation using two high-speed 
cameras and a collimated LED light source. We  
developed a device that reproduces the relative 
motion of the wafer and brush, and the brush contact 
was observed using the evanescent field generated 
on the prism. We analyzed the relationship between 
nodule deformation and cross-contamination 
patterns as reported in [16-17]. 

 
2. Experimental 

Two experimental setups were used in this study. 
Fig. 1 shows a schematic of the experimental setup 
for observing the nodule deformation of a roller-
type PVA brush during rotation and contact with a 
surface. The shape of the brush used is shown in the 
figure. A servo motor rotates the PVA roller brushes. 
A wide range of brush shapes can be obtained as the 
L-shaped gearbox changes the servomotor's rotation. 
The image was captured using two high-speed 
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cameras and a collimating light source as a 
backlight. The brush nodule was compressed by 1 
mm when it was located on the bottom surface. The 
brush rotation speed was set to 10 rpm. The volume 
change of the nodules was calculated from the 
reconstructed images by applying a series of image 
analyses obtained from the two directions. A frame 
rate of 300 fps and a resolution of 1280 × 800 pixels 
of recording conditions were used. 

Fig. 2 shows a method for observing the contact 
surface. This setup enabled us to distinguish the 
contact of the solid part of the PVA brush from the 
liquid or gas on the prism using the principle of total 
internal reflection. Details of this method are 
presented in Sanada et al. [19]. Furthermore, the 
relative motion of a roller brush rotating on the 
horizontal axis on a wafer (ωW) rotating on the 
vertical axis (ωB) was reproduced by two 
servomotors; see Miyaki et al. [18] for details. In 
this study, the relative behavior of all positions on a 
100 mm wafer was visualized by changing the 
rotation speeds of the two motors and the contact 
positions of the brushes. A frame rate of 300 or 60 
fps and a resolution of 1024 × 1024 or 2592 × 2048 
pixels of recording conditions were used.  

The obtained results were analyzed using image 
processing. Fig. 3 shows an example of an image 
captured in a nodule deformation experiment and 
the image processing results such as background 
processing, binarization, and size correction. Next, 
the volume change of the nodules was calculated. 
As shown in the figure, the nodule root was first 
detected. Then, the width of the nodules was 
calculated for the area below the line segment. Let 
these segments be Lx and Ly at different observation 
directions. The nodule widths Lx and Ly were 
calculated for each pixel up to the contact surface. 
In this experiment, the nodules do not cause 
excessive deformation as the rotation speed was as 
low as 10 rpm. Therefore, we assumed that the 
nodules maintained the shape of an ellipsoid, even 
though they were deformed. An ellipse was formed 
from the nodule widths Lx and Ly at each height, and 
they were stacked to reconstruct a solid. The volume 
was calculated by adding the areas of the ellipses 
and multiplying them by the conversion coefficient.  

Fig. 4 shows an example of visualization of the 
contact surface. Background processing was 
performed after correcting the aspect ratio because 
the image was recorded using a tilted camera. An 
inversion processing was performed to emphasize 
the brightness. 
 

 

Fig. 1. Experimental setup for nodule deformation 
observation, (a) side view, (b) top view. 

 

Fig. 2. Experimental setup for contact condition 
visualization, (a) side view, (b) top view. 

Fig. 3. Image processing for nodule deformation analysis, 
(a) original image, (b) background, (c) background 
processing and binarization, (d) volume change 
evaluation. 
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Fig. 2 shows a method for observing the contact 
surface. This setup enabled us to distinguish the 
contact of the solid part of the PVA brush from the 
liquid or gas on the prism using the principle of total 
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detected. Then, the width of the nodules was 
calculated for the area below the line segment. Let 
these segments be Lx and Ly at different observation 
directions. The nodule widths Lx and Ly were 
calculated for each pixel up to the contact surface. 
In this experiment, the nodules do not cause 
excessive deformation as the rotation speed was as 
low as 10 rpm. Therefore, we assumed that the 
nodules maintained the shape of an ellipsoid, even 
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from the nodule widths Lx and Ly at each height, and 
they were stacked to reconstruct a solid. The volume 
was calculated by adding the areas of the ellipses 
and multiplying them by the conversion coefficient.  

Fig. 4 shows an example of visualization of the 
contact surface. Background processing was 
performed after correcting the aspect ratio because 
the image was recorded using a tilted camera. An 
inversion processing was performed to emphasize 
the brightness. 
 

 

Fig. 1. Experimental setup for nodule deformation 
observation, (a) side view, (b) top view. 

 

Fig. 2. Experimental setup for contact condition 
visualization, (a) side view, (b) top view. 

Fig. 3. Image processing for nodule deformation analysis, 
(a) original image, (b) background, (c) background 
processing and binarization, (d) volume change 
evaluation. 

 

Fig. 4. Image processing for contact condition, (a) 
original image, (b) aspect ratio correction, binarization 
and black/white reversal. 
 
3. Results and discussion 
3.1. Brush nodule deformation 

Fig. 5 shows an example of the nodule 
deformation of a PVA roller brush. Fig. 5 (a) shows 
an image taken from the x-direction and subjected 
to image processing. As shown in the figure, the 
brush makes contact with the edge, and the front 
side face of the nodule leading direction is pulled 
into the contact face. The shape of the brush quickly 
returns to its original form as the entrained surface 
recovers and separates from the surface. Fig. 5 (b) 
shows the three-dimensional reconstructed image of 
the nodules on the rotating brush at a given time. 
The result indicates that approximating the nodules 
to an ellipse to obtain the volume is a good approach. 
Fig. 5 (c) shows the change in the nodule volume 
per rotation. In the figure, the initial nodule volume 
of 98.96 mm3 and the volume of the nodules when 
vertically pushed to 1 mm at the location of the 
nodule on the bottom surface are indicated. We 
compared the interference volume, which defines 
interference with the contact surface when a rigid 
nodule is rotating. 
Figure 5 (c) shows that the volume of the roller 
brush during sliding changes more than when 
vertically pushed in by 1 mm. We considered that 
this is because the side face in the nodule leading 
direction is pulled into the contact surface, as shown 
in Fig 5 (a), resulting in a large volume change. 
Second, the volume change differs from the 
interference volume of the rigid nodule. The nodule 
volume gradually decreases at the beginning of 
compression, and recovers speedily at the end of 
compression. This is also related to the side face of 
the nodule. When the side face of the nodule is 
released from the contact surface, the nodule rapidly 
returns to its original shape, as shown in Fig. 5 (a). 
The volume change is different from the rigid 
nodule interference volume because of this motion. 
This result suggests that the volume of a normal 
brush nodule changes significantly each time it 
collides with a cleaning surface, and water retained 

in the brush desorb and adsorb each time. We 
considered that this water motion plays an important 
role in cleaning. 
 

 

Fig. 5. Nodule deformation of a roller brush, (a) image 
sequence, (b) example of reconstructed image, (c) 
volume change. 
 
3.2. Contact shape  

The superimposed technique of 20 images was 
used to observe the path lines of the brush nodule 
contact. Figure 6 shows the path line of the three 
deformation patterns (Fg, Rg, and Pr type) defined 
by Miyaki et al. [18]. 

 In the Fg type, which was observed in both large 
rotations of the brush and wafer, that is, a relatively 
large velocity condition, the sliding distance per 
nodule is small, limiting the line distance. In 
addition, the Fg type path line shows that the start 
and end of the nodule contacts are linear owing to 
deformation of the nodule side face, as discussed in 
the previous section.  

 
 

 
 
 
 

Fig. 6. Superimposed image of brush contact, (a) Front 
gap type (Fg), (b) Rear gap type (Rg), (c) Press type (Pr). 
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On the other hand, the sliding distance per nodule 
is large in the Rg type observed in the large wafer 
rotation and the same relative velocity direction, 
increasing the trajectory range. Furthermore, in the 
Rg type and deformation in which the nodules make 
smooth contact, the deformation is gradually pulled 
up while being relaxed. Therefore, both the start and 
end points of the nodule contacts have a 
semicircular shape. Finally, in the Pr type, one 
nodule is pushed in without sliding like a stamp so 
that its trajectory becomes circular. The nodule 
rotates during pushing and a clear path can be 
observed in the vertical compression type. 

From our experience, a high cleaning 
performance can be generally achieved in the Fg 
type. Therefore, the Fg type, which compresses and 
slides simultaneously, plays an important role in 
cleaning compared with the Pr type, which only 
pushes vertically, and the Rg type, which has a long 
sliding distance. We considered that both 
deformation and sliding of the nodule are effective 
for mixing cleaning liquids. 
 
3.3. Contact map 

Fig. 7 shows the nodule contact path line shown 
in Fig. 6 at the contact position on a 100 mm wafer 
simulated by applying different wafer and brush 
rotations. It shows the nodule path lines of 10 

images until turning the half wafer rotation, and the 
red line shows the starting point of the wafer 
rotation. The figure also shows the absolute value of 
the relative velocity between the nodule and the 
wafer in a bubble chart. The relative velocity is large 
in the upper half, and a negative relative velocity 
can be observed in the lower half. There is no 
relative velocity region in-between these two areas. 

Figures 7 (a) and (c) show a comparison of the 
nodule contact conditions of the same brush rotation 
and different wafer rotation speeds. Because the 
rotation speed of the wafer in Fig. 7 (a) is larger than 
that in Fig. 7 (c), the angle of wafer rotation 
increases while a nodule collides with the next 
nodule so that the number of contacts made by the 
brush nodules decreases. Therefore, the sliding 
distance of one brush nodule becomes large, 
although there are many places where the PVA 
brush does not make contact with the wafer at half 
rotation. On the other hand, the positions where the 
relative velocity becomes zero in Fig. 7 (c) are far 
from the center of the wafer in Fig. 7 (a). The same 
trend is observed by comparing Figs. 7 (b) and (d). 
The zero relative velocity positions in Fig. 7 (b), 
which lower the wafer rotation, are separated from 
the center. 

Next, we compared Figs. 7 (c) and (d), where the 
brush and wafer rotations are the same. There is no 

 

Fig. 7. Superimposed image of brush contact of 10 images on a 100 mm wafer until turning the half rotation and 
bubble chart for the relative velocity, (a) ωB = 25 rpm, ωW = 50 rpm, (b) ωB = 50 rpm, ωW = 25 rpm, (c) ωB = 25 rpm, 
ωW = 25 rpm, (d) ωB = 50 rpm, ωW = 50 rpm. 
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Fig. 7. Superimposed image of brush contact of 10 images on a 100 mm wafer until turning the half rotation and 
bubble chart for the relative velocity, (a) ωB = 25 rpm, ωW = 50 rpm, (b) ωB = 50 rpm, ωW = 25 rpm, (c) ωB = 25 rpm, 
ωW = 25 rpm, (d) ωB = 50 rpm, ωW = 50 rpm. 

 

significant change in the relative speed, and the 
brush path pattern is similar. However, even if the 
speed ratio between the wafer rotation and the brush 
rotation is constant, the relative speed becomes zero 
positions in the radial direction changes depending 
on the absolute value of the speed. The position 
where the Pr type appears at zero relative velocity 
in Fig. 7 (c) is located on the outer side compared 
with that in Fig. 7 (d). In Fig. 7 (d), the maximum 
positive and negative relative velocities are located 
on the upper and lower semicircles so that the 
characteristic shapes in Fig. 6 clearly show these 
positions. Unfortunately, the contact path shape near 
the wafer center has a short sliding distance, which 
is similar to the Pr type path shape. Therefore, it is 
difficult to distinguish the Fg type or Rg type 
deformation model near the wafer center from the 
contact path. The original movie should be 
confirmed. 

 
3.4. Relation to cross-contamination 

Kim et al. [17] reported the distribution of 
residual particles due to cross-contamination on a 
wafer when the wafer rotation speed and brush gap 
are changed, that is, the amount of compression of a 
PVA roller brush. The authors reported the 
generation of a characteristic recontamination 
pattern that transfers brush nodule shapes. We 
compared this result with Fig. 7 and found that the 
contamination map and the Pr type position show 
good agreement. As shown in Fig. 5, the Pr type 
contact is pushed in like a stamp, resulting in 
twisting at that point [18]. Therefore, this result 
suggests that the Pr type nodule contact has a strong 
influence on cross-contamination. We considered 
that preventing Pr type contact by improving the 
nodule or brush shape or changing the rotation 
speed is important.  

 
4. Conclusion 

We observed the nodule deformation of rotating 
PVA brushes and the path of the contact point using 
high-speed photography. The nodule compresses 
gradually and immediately expands due to 
entrainment of the nodule side face during contact. 
We also showed that the vertically pushed type 
compression correlates with the location of cross-
contamination. In the future, we plan to examine the 
relationship between nodule deformation and 
cleaning performance in detail. 
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  Thermally stimulated photoinduced molecular reorientation with high dichroism (D>0.6) 
is explored in liquid crystalline (LC) copolymerthacrylate films comprising of 4-methoxy-N-
benzylideneaniline (MNBA) and benzoic acid (BA) side groups. Thermal hydrolysis of 
MNBA side groups induces free phenyl aldehyde (PA) side groups in the oriented film. 
Birefringence of the oriented films is adjusted by introducing 2,7-diaminofluorene (FL) to 
form new imine bonds with free PA side groups. Meanwhile, in situ exchange from MNBA 
to FL-based imine also controls the birefringence of the oriented film. The initial 
birefringence of the oriented copolymer film increases up to 0.22 after introducing oriented 
FL moieties.   
Keywords: Photoalignment, Molecular orientation, Birefringence, Liquid crystalline 
polymer  

 
 

1. Introduction 
Photoalignment of photosensitive polymeric 

films is applicable to fabricating optical and display 
devices [1–8]. Basically, axis-selective photo-
reaction of the photosensitive moieties generates 
optical anisotropy and/or molecular reorientation, 
which attains the birefringence of the film [4–8]. 
Direct fabrication of a molecularly oriented 
structure of the polymeric films is achieved using 
photoalignable liquid crystalline (LC) polymers by 
means of linearly polarized (LP) light exposure, and 
in some cases, thermally stimulated self-
organization [6– 9]. 

Photoalignable LC polymers containing cinn-
amate or azobenzene-containing materials have 
been explored to realize thermally stimulated 
photoinduced molecular reorientation based on 
axis-selective photo-cross-linking or trans-cis-trans 
photoisomerization [6–13]. We have been carried 
out a systematic study on thermally stimulated 
photo-induced molecular reorientation of LC 
(co)polymers with 4-methoxy-N-benzylidene-
aniline (MNBA) side groups [14–16], which under-

go axis-selective trans-cis-trans photoisomerization 
likewise the photoinduced reorientation of azo-
benzene-containing polymeric films. 

Because an aromatic imine (C=N) bond is easily 
formed from aromatic aldehyde and amine 
derivatives [17,18], position-selective formation of 
MNBA side groups in a polymethacrylate film with 
phenyl aldehyde (PA) side groups by coating of 4-
methoxyphneyl amine (AN) molecules leads to a 
photoinduced birefringent pattern [15]. Additionally, 
thermal hydrolysis of the reoriented MNBA side 
groups in an LC copolymethacrylate with benzoic 
acid (BA) and MNBA side groups after the co-
operative molecular reorientation converts a 
photoinactive oriented film with free PA side groups 
[16,19]. In this case, re-coating the aromatic amine 
derivatives other than AN molecules by means of 
sublimation and/or inkjet printing controls the 
optical and thermal property of the oriented film 
[16]. To improve the birefringence of the reoriented 
film via this technique, it is acceptable to increase 
the composition of free PA side groups in the 
reoriented copolymer film and introduction of 
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aromatic amine derivatives with high inherent 
birefringence. 

This paper describes the thermally stimulated 
photoinduced molecular reorientation of LC 
copolymethacrylate films comprising of MNBA and 
BA side groups (Fig. 1). The influence of the 
copolymer composition on the photoinduced 
reorientation and thermal hydrolysis of the oriented 
film is investigated. Birefringence control using 
2,7-diaminofluorene (FL) on the hydrolyzed 
oriented copolymer film and simultaneous amine-
exchange technique is explored to reveal an 
increased birefringence from 0.14 to 0.22. 

 

Fig. 1. Chemical structure of LC copolymethacrylates 
P1–P5 used in this study.   
 
2. Experimental 
2.1. Materials 

All starting materials were used as received from 
TCI. FL was recrystallized from ethanol prior to use. 
Copolymers with BA and BA side groups (Fig. 1, 
P1 – P5) were synthesized by a free radical 
polymerization from the corresponding methacry-
late monomers using AIBN as an initiator in 
tetrahydrofuran (THF) [20]. Table 1 summarizes 
composition, molecular weight, thermal property 
and spectroscopic data of copolymers. 

 
Table 1. Composition, molecular weight, and thermal 
property of copolymers. 

 
2.2. Film preparation and photoirradiation 

Copolymer films (thickness; approximately 200 
nm) were prepared by spin-coating a THF solution 
onto quartz substrates. 

Photoreactions were carried out using a high-
pressure Hg lamp equipped with a glass plate placed 
at Brewster’s angle and a 365-nm bandpass filter 
(Asahi Spectra REX-250), yielding a light intensity 
of 30 mW/cm2 at 365 nm. After photoirradiation, the 
films were annealed at elevated temperatures to 
thermally stimulate molecular reorientation under a 
dry N2 atmosphere. 
 
2.3. Characterization 

1H-NMR spectra using a Bruker DRX-500 FT-
NMR and FT-IR spectra (JASCO FTIR-6600) 
confirmed the copolymers. The molecular weight of 
the copolymer was measured by GPC (JASCO PU-
2080 and RI-2031 GPC system with a Shodex 
column using THF as the eluent) calibrated using 
polystyrene standards. The thermal properties were 
examined using a POM (Olympus BX51) equipped 
with a Linkam TH600PM heating and cooling stage 
as well as differential scanning calorimetry (DSC; 
Seiko-I SSC5200H). As a measure of the 
photoinduced optical anisotropy, the photoinduced 
in-plane dichroism (D) was evaluated from the 
polarization absorption spectra with a Hitachi U-
3010 spectrometer equipped with Glan-Taylor 
polarization prisms. D is estimated as 

D=(A⊥–A||)/(A⊥+A||)     (1), 
where A|| and A⊥ are the absorbances parallel and 
perpendicular to the polarization (E) of LP 365 nm 
light, respectively. Birefringence of the oriented 
films was measured by the Senarmont method at 
633 nm. 
 
3. Results and discussion 
3.1. Synthesis and thermally stimulated photo-
induced reorientation of copolymer films 

All copolymers were synthesized by a free radical 
copolymerization from corresponding methacrylate 
monomers [20]. Upon the reprecipitation process 
under the humid condition (RH=30–50%), partial 
hydrolysis of MNBA side groups occurs, resulting 
in that the copolymers partially include PA side 
groups (<5 mol%, Table 1). The synthesized co-
polymers show a nematic LC characteristics, where 
the isotropic transition temperature (Ti) increases as 
the content of BA side groups increases. Figure 2a 
shows absorption spectra of copolymer films, 
showing that the absorption maximum (λmax) 
slightly shifts to longer wavelength as decreasing 
the BA content due to the absorption of MNBA 
moiety at longer wavelength. 

When the copolymer films are exposed to LP 365 
nm light, negative photoinduced reorientation 
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aromatic amine derivatives with high inherent 
birefringence. 

This paper describes the thermally stimulated 
photoinduced molecular reorientation of LC 
copolymethacrylate films comprising of MNBA and 
BA side groups (Fig. 1). The influence of the 
copolymer composition on the photoinduced 
reorientation and thermal hydrolysis of the oriented 
film is investigated. Birefringence control using 
2,7-diaminofluorene (FL) on the hydrolyzed 
oriented copolymer film and simultaneous amine-
exchange technique is explored to reveal an 
increased birefringence from 0.14 to 0.22. 

 

Fig. 1. Chemical structure of LC copolymethacrylates 
P1–P5 used in this study.   
 
2. Experimental 
2.1. Materials 

All starting materials were used as received from 
TCI. FL was recrystallized from ethanol prior to use. 
Copolymers with BA and BA side groups (Fig. 1, 
P1 – P5) were synthesized by a free radical 
polymerization from the corresponding methacry-
late monomers using AIBN as an initiator in 
tetrahydrofuran (THF) [20]. Table 1 summarizes 
composition, molecular weight, thermal property 
and spectroscopic data of copolymers. 

 
Table 1. Composition, molecular weight, and thermal 
property of copolymers. 

 
2.2. Film preparation and photoirradiation 

Copolymer films (thickness; approximately 200 
nm) were prepared by spin-coating a THF solution 
onto quartz substrates. 

Photoreactions were carried out using a high-
pressure Hg lamp equipped with a glass plate placed 
at Brewster’s angle and a 365-nm bandpass filter 
(Asahi Spectra REX-250), yielding a light intensity 
of 30 mW/cm2 at 365 nm. After photoirradiation, the 
films were annealed at elevated temperatures to 
thermally stimulate molecular reorientation under a 
dry N2 atmosphere. 
 
2.3. Characterization 

1H-NMR spectra using a Bruker DRX-500 FT-
NMR and FT-IR spectra (JASCO FTIR-6600) 
confirmed the copolymers. The molecular weight of 
the copolymer was measured by GPC (JASCO PU-
2080 and RI-2031 GPC system with a Shodex 
column using THF as the eluent) calibrated using 
polystyrene standards. The thermal properties were 
examined using a POM (Olympus BX51) equipped 
with a Linkam TH600PM heating and cooling stage 
as well as differential scanning calorimetry (DSC; 
Seiko-I SSC5200H). As a measure of the 
photoinduced optical anisotropy, the photoinduced 
in-plane dichroism (D) was evaluated from the 
polarization absorption spectra with a Hitachi U-
3010 spectrometer equipped with Glan-Taylor 
polarization prisms. D is estimated as 

D=(A⊥–A||)/(A⊥+A||)     (1), 
where A|| and A⊥ are the absorbances parallel and 
perpendicular to the polarization (E) of LP 365 nm 
light, respectively. Birefringence of the oriented 
films was measured by the Senarmont method at 
633 nm. 
 
3. Results and discussion 
3.1. Synthesis and thermally stimulated photo-
induced reorientation of copolymer films 

All copolymers were synthesized by a free radical 
copolymerization from corresponding methacrylate 
monomers [20]. Upon the reprecipitation process 
under the humid condition (RH=30–50%), partial 
hydrolysis of MNBA side groups occurs, resulting 
in that the copolymers partially include PA side 
groups (<5 mol%, Table 1). The synthesized co-
polymers show a nematic LC characteristics, where 
the isotropic transition temperature (Ti) increases as 
the content of BA side groups increases. Figure 2a 
shows absorption spectra of copolymer films, 
showing that the absorption maximum (λmax) 
slightly shifts to longer wavelength as decreasing 
the BA content due to the absorption of MNBA 
moiety at longer wavelength. 

When the copolymer films are exposed to LP 365 
nm light, negative photoinduced reorientation 

occurs due to the axis-selective photoisomerization 
of MNBA side groups (∆A=A|| – A⊥ <0), and the 
subsequent annealing at the LC temperature range 
of the film under dry N2 atmosphere amplifies the 
cooperative molecular reorientation of both 
mesogenic side groups [16,20]. Figures 2b – f show 
the change in the polarized absorption spectra of P1 
– P5 films before and after exposure to LP 365 nm 
light for 2 – 15 J/cm2, and subsequent annealing at 
LC temperature range of the material for 10 min. 
For all films, the photoinduced negative optical 
anisotropy is significantly amplified after the 
annealing, where Dλmax (D335) is 0.74 – 0.77 (0.68 – 
0.75) (Table 2). At present, the amplified D values 
are larger than those previously reported because 
the hydrolysis of MNBA groups is restricted since 
the annealing process is carried out under dry N2 
condition [16,20]. Additionally, ∆n of the reoriented 
film slightly increases when the BA composition 
decreases while the generated D values are similar 
to each other. This is due to larger inherent 
birefringence of MNBA side groups than that of BA. 

Fig. 2. (a) Absorption spectra of copolymer films on 
quartz substrate. (b – f) Changes in the polarized 
absorption spectra of copolymer films before and after 
exposure to LP 365 nm light and subsequent annealing 
for 10 min. Copolymer, exposure energy and annealing 
temperature are shown in each figure. 

 
3.2. Thermal hydrolysis of MNBA side groups of 
the reoriented films 

Table 2. Dichroism (D), birefringence (∆n), and degree 
of hydrolysis (DH) of the reoriented copolymer films and 
FL-introduced film. 

 
We have previously reported that the oriented 

MNBA moieties are hydrolyzed to form free PA side 
groups with maintaining the oriented structure of 
the film, when the reoriented film is annealed under 
humid condition [16]. Figures 3a – c show change 
in the polarized absorption spectra of oriented P1 – 
P3 films before and after annealing under air (RH = 
35%) at 125 °C for 80 min for P1, at 100 °C for 180 
min for P2, and at 90 °C for 540 min for P3, 
respectively. After the annealing, absorption band of 
MNBA decreases [degree of hydrolysis (DH) = 85% 
(P1), 63% (P2), and 58% (P3)], while the 
orientational order almost unchanges (Dλmax = 0.69, 
0.69, and 0.63) (Tab. 2). In contrast, orientational 
structure of the P4 film is collapsed when the film 
is annealed for 30 min at 100 °C (DH = 65%), but 
10 min-annealing (DH = 26%) keeps the orienta-
tional structure (D269 = 0.70, Fig. 3d). For P4, LC 
characteristics of the oriented film diminishes when 
the DH increases due to higher content of MNBA 
side groups, resulting in the random orientation of  

Fig. 3. (a) Changes in the polarized absorption spectra of 
oriented copolymer films before and after post-annealing 
at elevated temperature under humid air (RH =35%). (a) 
P1, (b) P2, (c) P3 and (d) P4. Post-annealing condition is 
shown in each figure. 
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the film at elevated temperature. 
When the hydrolysis of MNBA side groups 

proceeds, transition temperature to the isotropic 
state (Ti) of the film decreases. Additionally, LC 
characteristics of the hydrolyzed film will disappear 
when the composition of PA side groups is larger 
than 50%, which is expected by evaluating the 
thermal property of copolymethacrylate with BA 
and PA side groups (Fig. 4). Therefore, the 
hydrolyzed oriented P4 film could hold the LC state 
at 100 °C when DH is 26%, but further hydrolysis 
no longer shows LC characteristics of the film at 
100 °C, resulting in the random orientation. Namely, 
thermal hydrolysis to form free PA moieties should 
be carried out with maintaining the LC 
characteristics to hold the orientational structure of 
the film. 

Fig. 4. Glass transition temperature (Tg), and isotropic 
transition temperature (Ti) of copolymethacrylate with 
BA and PA side groups and Ti of LC copolymers (P1 – 
P5) as a function of BA composition. 
 
3.3. Introduction of FL molecules into the oriented 
films 

When the oriented film includes free PA side 
groups, introducing the different phenyl amine 
derivatives to form a new imine (C=N) bonds 
changes the optical and thermal properties of the 
film [16]. For P1, P2 and P3, in situ condensation 
of FL molecules with free PA side groups in the 
hydrolyzed oriented film is achieved. Figure 5a (b) 
shows change in the polarized absorption spectra of 
a hydrolyzed oriented P1 (P2) film [DH = 85% 
(63%)] before and after introducing FL molecules, 
where the film is coated using a methanol solution 
of FL molecules and annealed at 120 °C (100 °C) 
followed by rinsing with methanol and diethyl ether. 
New absorption at 375 nm (D375=0.74, D266=0.72 
for P1, D375=0.73, D266=0.68 for P2) appears, which 
is assigned FL molecules with C=N formation. 
Similar introducing of oriented FL molecules to 
form C=N bonds is observed for a P3 film (Fig. 5c). 

In contrast, simultaneous exchange of AN to FL 
is attained for the oriented P4 and P5 films since the  

Fig. 5. Changes in the polarized absorption spectra of 
hydrolyzed oriented copolymer films before and after 
coating FL molecules followed by annealing at elevated 
temperature under N2 atmosphere. (a) P1, (b) P2, and (c) 
P3. Annealing condition is shown in each figure. 

 
hydrolyzed oriented P4 and P5 films cannot be 
obtained. Because AN is sublimed at 100 –110 °C 
upon the thermal hydrolysis and FL molecules do 
not sublime at this temperature, condensation 
between free PA side groups and FL molecules will  
simultaneously occur. Figure 6a shows change in 
the polarized absorption spectra of an oriented P4 
film before FL-coating and after annealing the FL-
coated film at 110 °C for 60 min under N2 atmo-
sphere. In this case, FL molecules are coated from 
ethylene glycol solution and the excess FL 
molecules are eliminated by rinsing using diethyl 
ether and methanol after the annealing. Similar to 
the introduction of FL molecules into hydrolyzed P1 
– P3 films, absorption band at 375 nm (D375=0.69, 
D269=0.60) appears, indicating the simultaneous 
hydrolysis of MNBA and formation of a new C=N 
bond of FL molecules. Similar spectral change is 
observed for a P5 film (Fig. 6b). 

 
Fig. 6. Changes in the polarized absorption spectra of 
oriented copolymer films before and after in situ 
exchanging from MNBA to FL-based Schiff-base. (a) P4, 
and (b) P5. Annealing condition is shown in each figure. 
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be carried out with maintaining the LC 
characteristics to hold the orientational structure of 
the film. 

Fig. 4. Glass transition temperature (Tg), and isotropic 
transition temperature (Ti) of copolymethacrylate with 
BA and PA side groups and Ti of LC copolymers (P1 – 
P5) as a function of BA composition. 
 
3.3. Introduction of FL molecules into the oriented 
films 

When the oriented film includes free PA side 
groups, introducing the different phenyl amine 
derivatives to form a new imine (C=N) bonds 
changes the optical and thermal properties of the 
film [16]. For P1, P2 and P3, in situ condensation 
of FL molecules with free PA side groups in the 
hydrolyzed oriented film is achieved. Figure 5a (b) 
shows change in the polarized absorption spectra of 
a hydrolyzed oriented P1 (P2) film [DH = 85% 
(63%)] before and after introducing FL molecules, 
where the film is coated using a methanol solution 
of FL molecules and annealed at 120 °C (100 °C) 
followed by rinsing with methanol and diethyl ether. 
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for P1, D375=0.73, D266=0.68 for P2) appears, which 
is assigned FL molecules with C=N formation. 
Similar introducing of oriented FL molecules to 
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In contrast, simultaneous exchange of AN to FL 
is attained for the oriented P4 and P5 films since the  
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ether and methanol after the annealing. Similar to 
the introduction of FL molecules into hydrolyzed P1 
– P3 films, absorption band at 375 nm (D375=0.69, 
D269=0.60) appears, indicating the simultaneous 
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Fig. 6. Changes in the polarized absorption spectra of 
oriented copolymer films before and after in situ 
exchanging from MNBA to FL-based Schiff-base. (a) P4, 
and (b) P5. Annealing condition is shown in each figure. 

The introduction of FL molecules into the 
oriented film leads improvement of birefringence 
and thermal stability of the film due to the cross-
linked structure. Table 2 summarizes changes in D 
values and birefringence of P1 – P5 films before 
and after introducing FL molecules. The 
introduction of FL moieties is 70 – 95% as 
compared to the hydrolyzed PA groups, and D375 is 
0.60 – 0.72, while the birefringence increases up to 
0.22 as increasing the FL moieties in the oriented 
film. Additionally, thermal stability increases 
approximately up to 170 °C for all the films, at 
which the collapse of the hydrogen bonds of 
dimerized BA side groups occur (Fig. 7). However, 
the orientation structure is partially stable above this 
temperature when the composition of BA side 
groups decreases due to the higher density of 
crosslinking. 

Fig. 7. Thermal stability test (birefringence) of FL-
introduced oriented copolymer films in Figs. 5 and 6 
when the film is annealed at elevated temperature. 
 
4. Conclusion 

Thermally stimulated photoinduced molecular 
reorientation of LC copolymethacrylate with 
MNBA and BA side groups is investigated. 
Cooperative molecular orientation with high 
dichroism (D>0.6) is achieved for all copolymer 
films. Thermal hydrolysis of MNBA side groups 
attains the oriented copolymer film with free PA 
side groups when the MNBA composition is below 
44 %, while the orientational structure is collapsed 
for the copolymer with higher MNBA composition. 
Introduction of FL molecules to form a new imine 
bonds in the oriented hydrolyzed film improves the 
birefringence and thermal stability of the film. The 
in situ exchange of the imine side groups from 
MNBA to FL-introduced side groups for the 

copolymer with higher MNBA composition attains 
the birefringence of the oriented film up to 0.22. 
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  A siloxane oligomer (Si-OLIGO-1) was produced by introduction of a bifunctional 
alkoxysilane into a silsesquioxane composed of a trifunctional alkoxysilane. The oligomer, 
which can form a thick film, was synthesized by a sol–gel method. This organic/inorganic 
hybrid material had good transparency and heat resistance. Infrared absorption 
spectroscopic analysis indicated that Si-OLIGO-1 had a random structure with many acidic 
silanol groups capable of alkaline development. A novel negative photosensitive white 
decorative coating that consisted of Si-OLIGO-1 as the base resin and 40 wt% TiO2 
(particle size 250 nm) as a white pigment was produced. The coating enabled facile 
complex decoration. A white cured film of thickness 10 µm had the brightness (L*) and 
color (a*, b*) required for the white frame of a display product. Although the coating did 
not transmit straight light of wavelength 300–700 nm, it gave a good patterning 
performance (resolution and pattern shape) on irradiation with ultraviolet light at a dose of 
200–250 mJ/cm2. This is because it transmitted both g-line and h-line scattered light. 
Keywords: Photosensitive, white decorative, TiO2, siloxane oligomer, random 

 
 

1. Introduction 
In recent years, many optical materials have 

been developed for use in devices such as 
smartphones, tablets, and touch screens. Black or 
white decorative materials, which contain carbon 
black or TiO2, respectively, are applied to glass 
covers to conceal the wiring pattern on the 
substrate and for decoration [1–6]. Figure 1 shows 
an example of white decoration on a smartphone. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Example of touch panel with integrated cover 
glass. 

 

It is generally difficult to endow such decorative 
materials with photosensitivity because the 
pigment absorbs not only visible light but also the 
ultraviolet (UV) light required for photosensitivity. 
Non-photosensitive materials are usually used for 
decoration and these cannot form fine patterns for 
screen-printed complex decoration [1–4]. 
Photosensitive coatings (PS-coatings) with 
sufficient heat resistance for post-process curing at 
230 °C are therefore needed. This led to the 
development of black decorative coatings with 
larger amounts of black pigment [7–9] in a 
negative photosensitive black matrix for color 
filters [5, 6]. However, organic resins with 
photopolymerizable groups such as 
methacrylic/acrylic groups, which are used as 
negative photosensitive base resins for decoration, 
cannot be used in white decorative coatings 
because they turn yellow as a result of oxidative 
deterioration during heat treatment. Furthermore, 
black decorative materials develop color by 
absorption, but white decorative materials develop 
color by using light reflection, therefore films of 
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thickness greater than 10 μm are required. This 
increases the need for base resins with heat 
resistance. 

We focused on the heat-resistant materials 
silsesquioxanes (SQs), which have organic groups 
that can be used to modify the properties of 
siloxane materials. These are organic/inorganic 
hybrid materials with siloxane bonds (–Si–O–Si–) 
[10–16]. If this siloxane material is used as a base 
resin, it is unlikely to suffer oxidative deterioration, 
therefore it can suppress coloring of white 
decorative materials during heat treatment. As 
shown in Fig. 2, SQs consist of trifunctional 
alkoxysilanes and can have highly regular cage and 
ladder structures, and random structures [11, 
16–20]. 

 
 
 
 
 

 
Fig. 2. Higher-order structures of three types of SQ. 

 
The highly regular cage and ladder structures 

contain few silanol groups, whereas the random 
structure contains many silanol groups [21–27]. 
SQ oligomers with phenyl and acrylic organic 
groups have been synthesized by sol–gel methods 
[28, 29]. Negative photosensitive siloxane coatings 
have been developed by forming a thin cured film 
of thickness 2 μm with oligomers like Si-OLIGO-0, 
which will be described later, as the base resin. 
Such coatings are used as insulating materials 
because the cured product obtained by heat 
treatment at 230 °C shows colorless transparency 
and heat/chemical resistance. We attempted to use 
the SQ oligomer of Si-OLIGO-0 as a base resin for 
white decorative coatings. However, because the 
oligomer consists of trifunctional alkoxysilanes, 
cracks occur when a cured film of thickness greater 
than 2-5 µm depending on the added amount of 
TiO2 is formed as a result of the increased stress 
associated with a high crosslinking density. Use of 
this oligomer in practical applications is therefore 
difficult. The crosslinking density could be 
decreased by using a siloxane oligomer with a 
random structure, which could be obtained by 
introduction of a bifunctional alkoxysilane. This 
oligomer has decreased stress, which prevents 
crack formation. It also contains a large amount of 
silanol groups (pKa = 9.5) [30], which are as acidic 
as phenolic hydroxyl groups (pKa = 10) [31]. This 

oligomer can therefore be easily dissolved in a 
2.38 wt% tetramethylammonium hydroxide 
(TMAH) aqueous solution as a resist developer, 
regardless of the film thickness. 

We therefore decided to work on imparting 
negative photosensitivity by using a novel siloxane 
oligomer with a random structure as the resin 
material, to give a cured product with colorless 
transparency, heat resistance, and chemical 
resistance, and TiO2 of average particle size 250 
nm, which is generally used as a white pigment. 

The purpose of this study was to create a new 
negative photosensitive white decorative siloxane 
coating that gives white cured films with 
appropriate brightness (L*), color (a*, b*), 
reflectance, heat resistance, and chemical 
resistance. Despite UV absorption by the TiO2 
pigment, the coatings give excellent patterning 
performances, i.e., good resolution and shape on a 
film of thickness about 10 μm. 

 
2. Experimental 
2.1. Materials  

Commercially available raw materials were used 
without purification. The raw materials for the 
siloxane oligomer preparation solutions were 
phenyltrimethoxysilane (KBM-103), 
3-(methacryloyloxy)propyltrimethoxysilane 
(KBM-503), dimethoxydimethylsilane (KBM-22), 
[3-(trimethoxysilyl)propyl]succinic anhydride 
(X-12-967C) (Shin-Etsu Chemical Co., Ltd.), 
phosphoric acid (Tokyo Chemical Industry Co., 
Ltd.), and propylene glycol monomethyl ether 
acetate (PGMEA, Kuraray Co., Ltd.) The acrylic 
polymer, which was a partial adduct of glycidyl 
methacrylate and a copolymer of methacrylic acid, 
styrene, and dicyclopentanyl methacrylate, was 
prepared from a PGMEA solution of SPCR-24X 
[weight-average molecular weight (Mw): 14000, 
solid content = 40 wt%, Showa Denko K.K.]. 
Epoxide-modified isocyanurate diacrylate 
(ARONIX M-315, Toagosei Co., Ltd.) was used as 
the acrylic monomer. 
Bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide 
(Omnirad 819, IGM Resins B.V.) was used as a 
photoinitiator. The white pigment was a TiO2 
dispersion (S-5052, solid content = 65.3 wt%, 
Dainichiseika Kogyo Co., Ltd.) It consisted of 
CR-97 (TiO2 of average particle size 250 nm, 
Ishihara Sangyo Kaisha, Ltd.) dispersed in the 
manufacturer's undisclosed dispersant in PGMEA 
at 5.1 wt% (relative to TiO2). A resist stripper, i.e., 
N-300 [a mixture of monoethanolamine (MEA) 
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thickness greater than 10 μm are required. This 
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oligomer can therefore be easily dissolved in a 
2.38 wt% tetramethylammonium hydroxide 
(TMAH) aqueous solution as a resist developer, 
regardless of the film thickness. 
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oligomer with a random structure as the resin 
material, to give a cured product with colorless 
transparency, heat resistance, and chemical 
resistance, and TiO2 of average particle size 250 
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The purpose of this study was to create a new 
negative photosensitive white decorative siloxane 
coating that gives white cured films with 
appropriate brightness (L*), color (a*, b*), 
reflectance, heat resistance, and chemical 
resistance. Despite UV absorption by the TiO2 
pigment, the coatings give excellent patterning 
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2. Experimental 
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and diethylene glycol monobutyl ether (DGBE), 
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etchant, i.e., oxalic acid solution (0.05 mol/L, 
FUJIFILM Wako Pure Chemical, Co.) were used 
for chemical resistance.  

Two types of siloxane oligomer solution were 
prepared by the following general procedure. 
KBM-103 (0.45 mol), KBM-503 (0.3 mol), 
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placed in a 500 mL three-necked flask. An aqueous 
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the charged alkoxysilanes in the flask) in water 
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at room temperature. The flask was immersed in an 
oil bath at 40 °C and the solution was stirred for 60 
min. The temperature of the oil bath was raised to 
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by-products were removed by distillation. The 
catalyst was removed by adding 3 wt% Amberlyst 
A21 (Organo Co.), which is an anion-exchange 
resin, to the obtained solution and stirring the 
mixture for 12 h at room temperature. The 
ion-exchange resin was removed by wire-mesh 
filtration (100 mesh). The obtained siloxane 
oligomer solution (approximately 1 g) was 
transferred to an aluminum cup. The cup was 

placed on a hot plate at 120 °C, and heated to 
250 °C in air for 30 min. The aluminum cup was 
then allowed to cool and the concentration of the 
solution was calculated by assuming that the 
dehydration condensation reaction was complete 
and gave a fully cured siloxane (FS). PGMEA was 
added to give a solution of concentration 50 wt%; 
this solution was labeled Si-OLIGO-1. For 
comparison with Si-OLIGO-1, a solution of the SQ 
oligomer, labeled Si-OLIGO-0, which was 
developed for negative photosensitive transparent 
insulation, was prepared by the same method as 
was used for Si-OLIGO-1 preparation, but 
KBM-103, KBM-503, and X-12-967C (1 mol 
total) at molar ratios of 65:30:5 were used. A 50 
wt% Si-OLIGO-0 solution was obtained under the 
same conditions as those described above, but with 
PGMEA (161 g; 75 wt% with respect to charged 
alkoxysilanes) and water (3.05 mol).  

Transparent PS-coatings were prepared by 
adding ARONIX M-315, Omnirad 819, and 
PGMEA to resin solutions of the prepared 
Si-OLIGO-1, or SPCR-24X. Furthermore, white 
PS-coatings were prepared by adding S-5052 to the 
transparent PS-coatings; details are shown in Table 
1. The coatings were stirred by shaking under 
yellow light with a rotary shaker to obtain a 
uniform solution. The solution was filtered through 
a 0.45 μm polypropylene syringe filter to give the 
PS-coatings. Solutions of Si-OLIGO-1 and 
Si-OLIGO-0 were also filtered under the same 
conditions for characterization of the siloxane 
oligomers.  

 
2.2. Preparation of prebaked film, cured film, heat- 
treated film, and sample for evaluating patterning 
properties  

The PS-coatings were spin-coated on a 
non-alkaline glass substrate (OA-10G, Nippon 
Electric Glass Co., Ltd.), ITO, and Cr substrates 

Table 1. Compositions of transparent PS-coatings (a) and (b), and white PS-coatings (c)–(f). 
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(GEOMATEC Co., Ltd.) with a spin coater 
(1H-360S, Mikasa Co., Ltd.) to obtain a 
post-curing thickness of 10 μm. The spin-coated 
substrates were dried at 100 Pa for 60 s in a 
vacuum dryer (Micro Engineering Inc.), and then 
baked at 100 °C for 180 s on a hot plate 
(HPD-3000BZN, AZ One Co.) to prepare prebaked 
films of thickness 11.7 μm. After baking, the film 
thickness was determined by scanning electron 
microscopy (SEM; S-4800, Hitachi High-Tech 
Co.) These prebaked substrates were exposed at 
300 mJ/cm2 (calculated from the i-line value) 
without a mask on three substrates, or at 100–300 
mJ/cm2 through a mask with a gap of 50 mm on 
glass substrates by using an exposure tool (g-, h-, 
and i-lines, PLA-501F, Canon Inc.) with a 
high-pressure mercury lamp as a light source. The 
mask had a one-line and one-space pattern in the 
range 10–200 µm. The exposed substrates were 
showered with 2.38 wt% TMAH aqueous solution 
for 30 s (shower development) by using automatic 
developing equipment (AD-2000, Takizawa 
Sangyo Co., Ltd.) The substrates were then rinsed 
with water for 30 s and air dried. The air-dried 
substrates were post-baked (cured) in an oven 
(DN43HI, Yamato scientific Co., Ltd.) at 230 °C 
for 30 min in air. Some of the cured glass 
substrates were heat treated by post-baking in an 
oven under the above conditions but at 250 °C for 
30 min. The film thicknesses were determined 
from SEM images. The cured films and samples 
for patterning property evaluation were prepared 
from cured substrates, which were obtained from 
the exposed substrates without or with masks. The 
filtered solutions of Si-OLOGO-1 and 
Si-OLIGO-0 were spin-coated on 6-inch silicon 
wafers under the above conditions to prepare 
prebaked films of thickness 11.7 μm. 

 
2.3. Evaluation 
2.3.1. Gel-permeation chromatography (GPC) and 
infrared (IR) spectroscopy 

The siloxane oligomer solution was diluted with 
tetrahydrofuran (THF) to give an FS concentration 
of 0.1 wt%, on the assumption that the 
hydrolysis/dehydration condensation reaction was 
complete. The Mw and molecular-weight 
distribution were determined by GPC with 
polystyrene as the standard. GPC was performed at 
30 °C and a flow rate of 1.0 mL/min, with THF as 
the developing solvent; a chromatographic system 
(e2695, Waters Co.) equipped with a refractometer 
detector and two columns (TSKgel G4000HXL, 

TSKgel G1000HXL, Tosoh Co., Ltd.) was used. 
The IR spectra of the prebaked films of 
Si-OLIGO-1 or Si-OLIGO-0 on silicon wafers 
were recorded in transmission mode (FT-720, 
HORIBA, Ltd.) A silicon wafer was used as a 
blank. The spectra were used to characterize the 
siloxane oligomers. 

 
2.3.2. Transparencies of prebaked and cured films 

The straight (8°) and scattered transmittances of 
the prebaked film (11.7 μm) and straight (8°) 
transmittance of a cured film (thickness 10 μm) on 
a glass substrate were determined by UV 
spectroscopy (UV-4100, Hitachi High-Tech Co.). 

 
2.3.3. L*, a*, b*, and reflectivity 

The brightness (L*), color (a*, b*), and 
reflectivity of the cured film (thickness 10 μm) on 
a glass substrate were determined in specular 
component inclusion mode by using a split color 
meter (CM-2600d, Konica Minolta, Inc.); a* is the 
redness and b* denotes the yellow tint. 

 
2.3.4. Heat resistance 

The 1%, 3%, and 5% weight-loss temperatures 
of the cured film (thickness 10 μm) on a glass 
substrate were determined by using a 
thermogravimetric analyzer (TGA-50, 
SHIMADZU Co.) 

 
2.3.5. Chemical resistance 

The chemical resistances of the cured film 
(thickness 10 μm) of PS-coating (e) on glass, ITO, 
and Cr substrates were determined by immersion 
in chemicals under various conditions (2.38 wt% 
TMAH aqueous solution at 23 °C for 3 min; N-300 
at 45 °C for 3 min; oxalic acid solution 35 °C for 3 
min). Changes in the film state were evaluated 
visually. 

 
2.3.6. Thickness, pattern profile, taper angle, and 
resolution 

The prebaked and cured film thicknesses on 
their respective substrates were determined from 
SEM images. The cured pattern profiles and 
resolutions on glass substrates were observed by 
SEM. The taper angles and resolutions were 
determined from SEM images. The pattern 
resolution was defined as the smallest cured 
pattern size at which the pattern could be 
developed without a leaving a residue at each 
exposure. 
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3. Results and discussion 
3.1. Structure of synthesized Si-OLIGO-1 

Si-OLIGO-0 was synthesized by using a 
trifunctional alkoxysilane [organic groups: phenyl 
(Ph), methacryloylpropyl (Mac), and succinic acid 
propyl (Suc)]; it provides film insulation. 
Si-OLIGO-1, which can form 10 μm thick films 
suitable for white decorative coatings, was 
designed and synthesized by introducing a 
bifunctional alkoxysilane (organic group: dimethyl, 
Dime) into Si-OLIGO-0. The effects of 
bifunctional alkoxysilane introduction were 
examined by comparing them. The structural 
formulas are shown in Fig. 3.  

 
 
 
 
 
 

Fig. 3. Structural formulas of synthesized siloxane 
materials.  

 
GPC was used to determine the Mws and 

polydispersity indexes (Mw/Mn; Mn = 
number-average molecular weight) of Si-OLIGO-0 
and Si-OLIGO-1. The organic group ratios (mol%) 
of the charged alkoxysilanes and GPC results are 
shown in Table 2. 

 
Table 2. Organic group ratios, Mw, and Mw/Mn of 
siloxane materials.  

 
 
 
 
 
 
The results show that Si-OLIGO-0 and 

Si-OLIGO-1 had Mws of 3000 and 2820, 
respectively. This confirms that they are siloxane 
oligomers. 

IR spectroscopy was used to confirm the 
structures having synthesized siloxane oligomers. 
IR spectra of prebaked films prepared from these 
solutions were recorded. First, we investigated the 
presence of absorption peaks near 900 cm−1 [22, 
32], which are attributed to Si–OH stretching. As 
shown in Fig. 4, signals near 900 cm−1 were 
observed in the spectra of Si-OLIGO-0 (906 cm−1) 
and Si-OLIGO-1 (902 cm−1).  

However, it has been reported that almost no 
Si–OH groups are present in SQs with highly 

regular cages and ladders [22, 23, 25–27]. The IR 
spectra therefore indicate that both of these 
siloxane oligomers have a random structure. Also, 
the Si–OH signal in the Si-OLIGO-1 spectrum is 
similar to that in the Si-OLIGO-0 spectrum despite 
reducing trifunctional groups due to the 
introduction of bifunctional Dime groups. 

Next, we investigated the absorption peaks near 
1100 cm−1, which correspond to Si–O–Si stretching 
[10, 22–27, 32–37]. The Si-OLIGO-0 spectrum has 
a strong, broad absorption peak at 1134 cm−1, 
which corresponds to asymmetric ring stretching of 
Si–O. The Si-OLIGO-1 spectrum shows two 
strong signals, at 1134 and 1094 cm−1. It has been 
reported that for trifunctional SQs with highly 
regular structures, the cage structure gives one 
sharp peak near 1100 cm−1 [25, 26], and the ladder 
structure gives two strong absorptions, at 1150 and 
1050 cm−1, which correspond to asymmetric ring 
stretching and symmetric ring stretching, 
respectively [10, 22, 24, 27, 34–36]. The 
absorption peaks in the spectrum of the 
synthesized Si-OLIGO-0 differ significantly from 
those in the spectra of compounds with cage and 
ladder structures. This strongly suggests a random 
structure [23, 32, 33, 35, 37]. Si-OLIGO-1 has two 
strong absorption peaks separated by only 40 cm−1, 
which is significantly different from the separation 
in the case of the ladder structure (100 cm−1). This 
strongly suggests that this is also a random 
structure. It is assumed that the absorption peaks of 
the synthesized siloxane oligomers differ because 
the randomness of the Si-OLIGO-1 structure is 
greater. This is because the degree of crosslinking 
in Si-OLIGO-1 is lower than that in Si-OLIGO-0 
because of the introduction of bifunctional Dime 
groups. This spectroscopic analysis of Si–OH and 
Si–O–Si groups shows that the synthesized 
Si-OLIGO-1 and Si-OLIGO-0 both have random 
structures. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4. IR spectra of prebaked films with Si-OLIGO-0 
(gray line) and Si-OLIGO-1 (dark line). 
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3.2. White decorative coating applications  
3.2.1. Properties of base resin 

The suitability of the synthesized Si-OLIGO-1 
as a base resin for white decoration was 
investigated by comparing its performance with 
that of an acrylic polymer (SPCR-24X), which is 
expected to turn yellow because of oxidative 
degradation. 

First, the transparency and heat resistance 
(determined from the 1% weight-loss temperature) 
were determined for 10 μm thick cured films of 
PS-coatings (a) and (b), which contain no white 
pigment (Table 1).  

 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Comparison of base resins from transmittances 
of cured films. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Comparison of base resin heat resistances from 
weight-loss temperatures of cured films. 

 
The results show that both PS-coatings have the 

same good transparency (Fig. 5). The 1% 
weight-loss temperature of the PS-coating (a) is 
higher than that of the PS-coating (b) (Si-OLIGO-1, 
341 °C; SPCR-24X, 292 °C). This shows that 
Si-OLIGO-1 has good heat resistance, as expected 
(Fig. 6). These results show that Si-OLIGO-1 is a 
suitable base resin for white decoration because the 
siloxane main chain is less susceptible to oxidative 
degradation. 

 
3.2.2. White cured film characteristics 

The abilities of the coatings to impart good 

white properties were investigated by determining 
the brightness (L*), color (a*, b*), and 
reflectivity–wavelength dependences of films 
cured at 230 °C for 30 min with 10 μm-thick 
PS-coatings (c)–(f), which contain a white pigment. 
The results (Table 3) show that to satisfy the 
customer's requirements (L* > 88; −3 < a* < 1, b* 
< 1; reflectivity > 75%; Fig. 1), over 40 wt% of 
250 nm TiO2 pigment is needed, e.g., PS-coatings 
(e) and (f).  

 
Table 3. Effects of TiO2 content and base resin on white 
cured film characteristics. 

 
 
 
 
 
 
 
 
The b* values of PS-coatings (c) and (e) were 

smaller than those of PS-coatings (d) and (f) 
(−2.38, −0.96 and −1.32, 1.57, respectively). The 
results show that the susceptibility of base resin 
Si-OLIGO-1 to oxidative degradation during 
curing at 230 °C is lower than that of the acrylic 
polymer SPCR-24X. The reflectivity–wavelength 
dependence (Fig. 7) shows that when 40 wt% of 
the TiO2 pigment was introduced, the reflectivity 
was over 75% in the visible-light region.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Dependence of PS-coating (e) and (f) reflectivity 
on wavelength. 

 
Next, the effect of heat treatment of PS-coatings 

(e) and (f) on the white film characteristics were 
investigated. A cured film was prepared by heating 
at 230 °C for 30 min and then heating at 250 °C for 
30 min. The L*, a*, and b* values of the cured film 
and the film that was further heated were 
determined. The results (Table 4) show that the 
PS-coating (e) has good white film characteristics 

(c) (d) (e) (f)
L* 83.9 84.4 89.3 89.9
a* -2.07 -2.26 -2.23 -2.46
b* -2.38 -1.32 -0.96 1.57

63.9 62.8 75.8 75.3

Thickness
(10 μm)

PS-coatings

Reflectivity (%) 
@550 nm
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because of the smaller change in b*, which denotes 
yellowness, compared with that for the PS-coating 
(f) (1.7 and 3.62, respectively). It is presumed that 
this is also because the siloxane main chain is less 
susceptible to oxidative degradation. 

 
Table 4. Comparison of white film characteristics after 
heat treatment. 

 
 
 
 
 
 
 
 
The chemical resistance of a cured film of 

PS-coating (e) to various chemicals was 
investigated on various substrates. The results 
(Table 5) show that there were no visible changes 
to the film, e.g., peeling or color changes, and that 
the film had good white film characteristics. 

 
Table 5. Chemical resistance of cured film derived from 
PS-coating (e). 

 
 
 
 
 
 
 
 
 
 
 
These results show that PS-coating (e), with 40 

wt% of TiO2 pigment introduced into Si-OLIGO-1 
with a siloxane oligomer as the base resin, was 
suitable for use as a white decorative film. 

 
3.2.3. Patterning performance 

Before patterning the PS-coating (e), the straight 
transmittance of a prebaked film formed on a glass 
substrate (11.7 μm) was determined in the 
wavelength range 300–700 nm; this includes 
exposure to g-line (436 nm), h-line (405 nm), and 
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The results show that some of the g-line and h-line 
light was transmitted by scattered light. It is 

therefore assumed that the light reaches the bottom 
of the film and a pattern can be formed. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Straight and scattered transmittances of cured 
film. 

 
Patterning was performed using a mask and 

PS-coating (e). The results (Table 6) show a good 
resolution and pattern shape (taper angle), which 
satisfy customer requirements (resolution < 150 
µm; taper angle 30°–50°), at an exposure of 
200–250 mJ/cm2. 

 
Table 6. Patterning performance of PS-coating (e). 

 
 
 
 
 
 
 
 
 
We successfully created a novel negative 

photosensitive white decorative siloxane coating, 
which contained a siloxane oligomer Si-OLIGO-1 
as a base resin and 40 wt% of TiO2 (particle size 
250 nm) as the pigment. This coating can endow 
white film characteristics and ensure a good 
patterning performance. 
 
4. Conclusion 

A siloxane oligomer (Si-OLIGO-1) that can 
form a thick film was synthesized by introducing a 
bifunctional alkoxysilane into a SQ composed of a 
trifunctional alkoxysilane via a sol–gel method. IR 
spectroscopic analysis showed that Si-OLIGO-1 
has a random structure with many acidic silanol 
groups capable of alkaline development. The 
transparency of a cured film formed from 
Si-OLIGO-1 was approximately the same, and the 
heat resistance was better, than those of an acrylic 
polymer. A white pigment was introduced into 

Chemicals Condition Substrate Result
Glass no change
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Cr no change

Glass no change
ITO no change
Cr no change

Glass no change
ITO no change
Cr no change

*N-300; MEA/DGBE = 30/70 wt ratio.

TMAH
(2.38 wt%)

Resist stripper
N-300*

Oxalic acid
(0.05 mol/l)

23 oC/3 min

45 oC/3 min

35 oC/3 min

Expo.
(mJ/cm2)

175 200 225 250 275

Resoluti
(µm) 80 80 100 100 150

Taper
angle (°) 65 40 35 35 30

SEM
image

PS-coating (e)
Expo. dose

(mJ/cm2)
Resolution

(µm)
Taper

angle (o)

SEM
image

250℃/
2.5hr

    L* 89.3 89 （-0.3） 89.9 89.1 (-0.8)
    a* -2.23 -2.46 2.48 (-0.02)
    b* -0.96 0.74 (1.7) 1.57 5.19 (3.62)

 Thickness
(10 μm)

PS-coating (e)    PS- coating (f)

(Δ)(Δ)no 
treat.

no 
treat.

250℃
/30 min

250℃
/30 min

-2.52 (-0.29)

Δ = treatment change value

-2.48 (-0.02)
5.19 (3.62)
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Si-OLIGO-1 to create a negative photosensitive 
white decorative coating. When 40 wt% of TiO2 
(particle size 250 nm) was introduced as the white 
pigment, a white cured film of thickness 10 µm 
had the brightness (L*) and color (a*, b*) required 
for white frames of display products. This coating 
also has potentially good chemical resistance when 
used in practical applications. This white 
decorative coating did not transmit straight light in 
the exposure light range required for negative 
pattern processing, but partly transmits scattered 
g-line and h-line light. This coating therefore gave 
the good resolution and pattern shape that were 
required by a customer at an exposure dose of 
200–250 mJ/cm2. 

The novel negative photosensitive white 
decorative siloxane coatings created by this 
method have good film properties and give good 
patterning performances. They are suitable for 
complex white decorations, and modified 
formulations can be applied to devices such as 
smartphones and tablets. 
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  A novel emitting amorphous molecular material, 4-[bis(9,9-dimethylfluoren-2-yl)-
amino]benzylideneaniline (BFBZA), was designed and synthesized.   BFBZA provided 
moisture-sensitive hybrid film combined with benzoic acid (BA) that exhibited reversible 
change in emission color in response to moisture like as hybrid films of 4-[bis(4-
methylpheyl)amino]benzylideneaniline with pentafluorobenzoic acid (PFBA) and BA.  On 
the other hand, another hybrid film of BFBZA combined with PFBA did not exhibit such 
reversible change in emission color.  The balance of acidity level of organic acid and 
basicity level of the emitting amorphous molecular materials was suggested to play a role for 
exhibiting reversible change in emission color. 
Keywords: Emitting amorphous molecular material, Organic acid, Fluorescence, 
Basicity, Excited-state intermolecular proton transfer 

 
 

1. Introduction 
Stimuli-responsive organic solid materials that 

exhibit reversible changes in object colors and/or 
emission colors triggered by external stimuli are the 
subjects of interest from both viewpoints of 
fundamental sciences including elucidation of the 
mechanism of the switching functions and practical 
applications such as displays, memories, and visible 
sensors.  The phenomena of reversible changes in 
object color and emission color triggered by 
chemical vapors such as moisture, volatile organic 
molecules, and gaseous acids and bases in the 
surroundings of the materials are referred to as 
"vapochromism" and "vapochromic emission", 
respectively.  A variety of materials exhibiting 
such phenomena have been created in recent years, 
including organic crystals, polymer films, 
organometallic and coordination complexes that 
exhibit change in their object colors and/or emitting 
colors due to change in, e.g., interactions to volatile 
molecules, conformation of the molecules, and/or 
crystal structures upon exposure to vapors [1-7]. 

We have been studying the creation of stimuli-
responsive emitting amorphous molecular materials 

[8–12].  For example, we have reported that spin-
coated films of diarylaminobenzaldehyde-based 
emitting amorphous molecular materials exhibited 
vapochromic emission [11].  In addition to such 
materials with single component systems, we have 
recently been studying the creation of hybrid 
systems of amorphous molecular materials with 
other materials exhibiting smart functions [13–23].  
We have reported that the hybrid films of 
aminoazobenzene-based amorphous molecular 
materials with organic acids exhibited drastic and 
reversible color changes in response to moisture 
[20].  Novel moisture-sensitive hybrid films 
composed of diarylaminobenzaldehyde-based 
emitting amorphous molecular materials with p-
toluenesulfonic acid were found to exhibit OFF–ON 
switching of fluorescent in response to moisture 
[22].  Very recently, we have investigated the 
response of emission properties to moisture for 
hybrid films composed of 4-[bis(4-methylphenyl)-
amino]benzylideneaniline (BMBZA) with a variety 
of organic acids, and finally found that hybrid films 
of BMBZA with organic acids with appropriate 
acidities, benzoic acid (BA) and pentafluorobenzoic 
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acid (PFBA), exhibited the emission color changes 
in response to moisture [23]. 

In the present study, a novel amorphous 
molecular material, 4-[bis(9,9-dimethylfluoren-2-
yl)amino]benzylideneaniline (BFBZA), has been 
designed and synthesized.  It was found that a 
hybrid film of BFBZA with BA exhibited reversible 
change in emission color in response to moisture.  
Chemical structures of BMBZA and BFBZA are 
shown in Scheme 1. 

CHN N

BFBZABMBZA

CHN N

 

Scheme 1.  Chemical structures of BMBZA and 
BFBZA. 

2. Experimental 
BA and PFBA were purchased commercially and 

used without further purification.  BFBZA was 
prepared as follows.  A mixture of 4-[bis(9,9-
dimethylfluoren-2-yl)amino]benzaldehyde (200 
mg, 0.40 mmol) and aniline (5 cc) was stirred for 
more than 6 hours at 120 °C.  Resulting mixture 
was poured into the mixed solution of water and 
ethanol (1:1 v/v) and the precipitate was collected.  
The crude product was recrystallized from ethanol 
to give yellow needles.  Yield: 160 mg (70 %); 
m.p. 198 °C; ¹H NMR (500 MHz, CDCl3): δ (ppm) 
= 8.38 (s, 1H), 7.77 (d, 2H, J = 8.6 Hz), 7.66 (d, 2H, 
J = 7.2 Hz), 7.63 (d, 2H, J = 8.0 Hz), 7.39 (d, 2H, J 
= 7.1 Hz), 7.36 (d, 2H, J = 8.0 Hz), 7.32 (t, 2H, J = 
8.1 Hz), 7.28 (d, 2H, J = 8.6 Hz), 7.26 (s, 2H), 7.23-
7.18 (m, 5H), 7.14 (d, 2H, J = 6.0 Hz), 1.42 (s, 12H); 
13C NMR (100 MHz, CDCl3): δ (ppm) = 159.75, 
155.34, 153.70, 152.59, 151.05, 146.60, 138.90, 
135.29, 130.07, 129.73, 129.23, 127.17, 126.88, 
125.63, 124.18, 122.65, 122.11, 121.01, 120.87, 
119.70, 119.66, 47.00, 27.14. 

Hybrid films were prepared by spin coating onto 
transparent glass substrates (1500 rpm at room 
temperature) from THF solutions (0.5 ml) including 
BFBZA with BA or PFBA with a molar ratio of 1:1.  
Electronic absorption and fluorescence spectra upon 
excitation with 400 nm under the dry atmosphere 
were measured at ambient conditions (less than 
50%RH at ca. 25 °C).  In order to measure the 
spectra under wet atmosphere, the hybrid film was 

put into the sealed transparent quartz cell with ca. 
0.3 ml of water and kept for more than one hour 
before measurements.  Electronic absorption and 
fluorescence spectroscopies were made by means of 
U-3500 spectrophotometer (HITACHI Ltd.) and 
FP-8300 spectrofluorometer (JASCO Co), 
respectively. 

3. Results and discussion 
BFBZA was synthesized by condensation 

reaction of 4-[bis(9,9-dimethylfluoren-2-yl)amino]-
benzaldehyde and aniline.  BFBZA was found to 
readily form amorphous glass by cooling the melt 
sample.  A glass-transition temperature of BFBZA 
was 107 °C determined by differential scanning 
calorimetry. 

Fig. 1 shows electronic absorption and 
fluorescence spectra of single BFBZA film.  
Electronic absorption band with a λmax of 370 nm 
with a shoulder around 400 nm was observed, being 
in the similar wavelength region to the single 
BMBZA film [23].  With regard to fluorescence 
spectrum, the emission band of BFBZA film with a 
λmax of ca. 500 nm was somewhat red-shifted 
relative to that of BMBZA film [23].  The result 
might be due to the fact that the π-conjugation 
system was more extended by introduction of 
fluorenyl groups. 

 

Fig. 1.  (a) Electronic absorption and (b) fluorescence 
spectra of BFBZA film (λex: 400 nm). 

As well as BMBZA–BA and BMBZA–PFBA 
films [23], a novel hybrid film of BFBZA–BA was 
found to exhibit reversible change in emission color 
in response to exhaled breath.  The film emitted 
orange in color upon irradiation with UV lamp (365 
nm) under ambient dry atmosphere.  When we 
breathed onto the film, emission color changed 
immediately to yellowish green.  When pausing 
the breath, the emission color of the film returned to 

J. Photopolym. Sci. Technol., Vol. 34, No. 5, 2021

526



acid (PFBA), exhibited the emission color changes 
in response to moisture [23]. 

In the present study, a novel amorphous 
molecular material, 4-[bis(9,9-dimethylfluoren-2-
yl)amino]benzylideneaniline (BFBZA), has been 
designed and synthesized.  It was found that a 
hybrid film of BFBZA with BA exhibited reversible 
change in emission color in response to moisture.  
Chemical structures of BMBZA and BFBZA are 
shown in Scheme 1. 

CHN N

BFBZABMBZA

CHN N

 

Scheme 1.  Chemical structures of BMBZA and 
BFBZA. 

2. Experimental 
BA and PFBA were purchased commercially and 

used without further purification.  BFBZA was 
prepared as follows.  A mixture of 4-[bis(9,9-
dimethylfluoren-2-yl)amino]benzaldehyde (200 
mg, 0.40 mmol) and aniline (5 cc) was stirred for 
more than 6 hours at 120 °C.  Resulting mixture 
was poured into the mixed solution of water and 
ethanol (1:1 v/v) and the precipitate was collected.  
The crude product was recrystallized from ethanol 
to give yellow needles.  Yield: 160 mg (70 %); 
m.p. 198 °C; ¹H NMR (500 MHz, CDCl3): δ (ppm) 
= 8.38 (s, 1H), 7.77 (d, 2H, J = 8.6 Hz), 7.66 (d, 2H, 
J = 7.2 Hz), 7.63 (d, 2H, J = 8.0 Hz), 7.39 (d, 2H, J 
= 7.1 Hz), 7.36 (d, 2H, J = 8.0 Hz), 7.32 (t, 2H, J = 
8.1 Hz), 7.28 (d, 2H, J = 8.6 Hz), 7.26 (s, 2H), 7.23-
7.18 (m, 5H), 7.14 (d, 2H, J = 6.0 Hz), 1.42 (s, 12H); 
13C NMR (100 MHz, CDCl3): δ (ppm) = 159.75, 
155.34, 153.70, 152.59, 151.05, 146.60, 138.90, 
135.29, 130.07, 129.73, 129.23, 127.17, 126.88, 
125.63, 124.18, 122.65, 122.11, 121.01, 120.87, 
119.70, 119.66, 47.00, 27.14. 

Hybrid films were prepared by spin coating onto 
transparent glass substrates (1500 rpm at room 
temperature) from THF solutions (0.5 ml) including 
BFBZA with BA or PFBA with a molar ratio of 1:1.  
Electronic absorption and fluorescence spectra upon 
excitation with 400 nm under the dry atmosphere 
were measured at ambient conditions (less than 
50%RH at ca. 25 °C).  In order to measure the 
spectra under wet atmosphere, the hybrid film was 

put into the sealed transparent quartz cell with ca. 
0.3 ml of water and kept for more than one hour 
before measurements.  Electronic absorption and 
fluorescence spectroscopies were made by means of 
U-3500 spectrophotometer (HITACHI Ltd.) and 
FP-8300 spectrofluorometer (JASCO Co), 
respectively. 

3. Results and discussion 
BFBZA was synthesized by condensation 

reaction of 4-[bis(9,9-dimethylfluoren-2-yl)amino]-
benzaldehyde and aniline.  BFBZA was found to 
readily form amorphous glass by cooling the melt 
sample.  A glass-transition temperature of BFBZA 
was 107 °C determined by differential scanning 
calorimetry. 

Fig. 1 shows electronic absorption and 
fluorescence spectra of single BFBZA film.  
Electronic absorption band with a λmax of 370 nm 
with a shoulder around 400 nm was observed, being 
in the similar wavelength region to the single 
BMBZA film [23].  With regard to fluorescence 
spectrum, the emission band of BFBZA film with a 
λmax of ca. 500 nm was somewhat red-shifted 
relative to that of BMBZA film [23].  The result 
might be due to the fact that the π-conjugation 
system was more extended by introduction of 
fluorenyl groups. 

 

Fig. 1.  (a) Electronic absorption and (b) fluorescence 
spectra of BFBZA film (λex: 400 nm). 

As well as BMBZA–BA and BMBZA–PFBA 
films [23], a novel hybrid film of BFBZA–BA was 
found to exhibit reversible change in emission color 
in response to exhaled breath.  The film emitted 
orange in color upon irradiation with UV lamp (365 
nm) under ambient dry atmosphere.  When we 
breathed onto the film, emission color changed 
immediately to yellowish green.  When pausing 
the breath, the emission color of the film returned to 

the original.  The phenomenon was due to 
moisture in the breath.  Fig. 2 shows fluorescence 
spectra of the BFBZA–BA film.  Under dry 
atmosphere, the emission band was observed 
around 630 nm (Fig. 2a), being considerably red-
shifted from that observed for BFBZA (Fig. 1b).  
When the sample placed under wet atmosphere, the 
spectrum was drastically changed to be similar to 
that for the BFBZA film (Fig. 2b).  These results 
were quite similar to those observed for BMBZA–
BA film [23], and therefore, the emission bands in 
the shorter wavelength region around 500 nm and in 
the longer wavelength region around 600 nm were 
attributable to the emissions from excited states of 
BFBZA (BFBZA*) and its protonated iminium ion 
(BFBZA-H+*), respectively. 

 

Fig. 2.  Fluorescence spectra of BFBZA–BA film under 
(a) dry and (b) wet atmospheres (λex: 400 nm). 

On the other hand, BFBZA–PFBA film did not 
show such change in fluorescent color.  Orange 
emission was observed both under dry and wet 
atmospheres.  As shown in Fig. 3, emission spectra 
of BFBZA–PFBA film under dry and wet 
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place through excited-state intermolecular proton 
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atmosphere, two absorption bands were observed 
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BFBZA-H+.  The result was similar to that 
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under wet condition [23].  The facts suggested the 
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under wet atmosphere, resulting in no change in 
emission color of BFBZA–PFBA film.  Since the 
emission band attributable to BFBZA* was well 
overlapped with the absorption band of BFBZA-H+, 
effective FRET from BFBZA* to BFBZA-H+ might 
take place to exhibit orange emission for BFBZA–
PFBA film both under dry and wet atmospheres.  
Incomplete deprotonation in the present film might 
be due to larger basicity of BFBZA than BMBZA. 

 

Fig. 5.  Electronic absorption spectra of BFBZA–PFBA 
film under (a) dry and (b) wet atmospheres. 

4. Conclusion 
We have designed and synthesized of a novel 

molecule, BFBZA, and found that the hybrid 
amorphous film of BFBZA with BA exhibited 
reversible change in emission color in response to 
exhaled breath whereas BFBZA–PFBA film did not 
change the emission color.  In our previous paper 
[21,23], acidity levels of organic acids were the 
important factor for providing hybrid films that 
exhibit reversible changes in object colors and 
emission colors in response to moisture.  The 
present study suggested that the basicity level of 
emitting material was also the important factors, 
that is, the balance of acidity level of organic acid 
and basicity level of emitting amorphous molecular 
materials plays a role for exhibiting reversible 
change in emission color.  Further studies are in 
progress. 
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  Anionic UV curing has been applied for many kinds of industrial resins, because it 
overcomes technical problems in conventional radical and cationic UV curing.  In this 
study, a cystine-based latent curing reagent was designed, and synthesized from L- and 
D-cysteine.  The reagents showed not only good solubility toward organic media, but also 
good thermal decomposition behavior in the presence of basic species.  Using them with a 
photo-base generator and an epoxy resin having a disulfide bond, UV-cured films of 
B-to-3B grade of pencil-hardness were fabricated successfully, after 10 J/cm2 of 365 
nm-light irradiation and subsequent heating at 120-160oC for 30 min.  Furthermore, two 
glass substrates were adhered by using this anionic UV curing system, and 1.6-3.7 MPa of 
shear stress was recorded in the photo-adhesion and re-adhesion experiments. 
Keywords: Curing reagent, Disulfide bond, Anionic UV curing, Cystine, 
Photo-adhesion, Re-adhesion 

 
 

1. Introduction 
UV curing is one of powerful tools in various 

kinds of industries, and it has been applied to 
manufacturing, printing, maintenance and so on 
[1-7].  Generally, UV curing materials are 
consisted of a photo-initiator and reactive resins.  
Radical, cationic (acidic), or anionic (basic) 
species are generated from respective 
photo-initiators.  Among the three curing systems, 
anionic UV curing has been paid much attention, 
because the curing system circumvents some 
problems in radical or cationic UV curing systems, 
such as polymerization inhibition by oxygen and 
metallic corrosion [5].  Furthermore, base 
amplifiers (BAs) have been proposed by Arimitsu 
[8-10].  BAs increase concentration of base 
through their auto-catalytic decomposition 
reactions (base proliferation reactions) triggered by 
photo-generated bases from photo-base generators 
(PBGs), resulting in improvement of photo- 
sensitivity of the photo-reactive materials [8-15].  

As one of applications of BAs, a thermal 
dismantlable photo-adhesive material has been 

fabricated with a PBG, an epoxy resin, and a BA 
having a disulfide bond [16].  This anionic UV 
curing system had a problem that the BA was not 
miscible toward organic media, probably due to its 
molecular symmetry [17].  In this study, 
cystine-based curing reagents have been designed 
and synthesized by using L- and D-cysteine 
compounds at once (Fig. 1).  It is known that 
derivatives of several kinds of amino acid 
including cystine (LL isomer) work as BA where 
the amino group is protected with 9-fluorenyl- 
methoxycarbonyl (Fmoc) group [18].  A disulfide 
bond is formed by oxidation reactions of two thiol 
groups of cysteine, obtaining three kinds of cystine 
derivatives (LL, DD, and LD isomers).  It is 
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1 (mixture of LL and DD isomers)
2 (LL isomer only)

Fig. 1. Cystine-derived reagents 1 and 2, designed 
and synthesized in this study. 
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expected that both a steric effect of ester moieties 
and blending three isomers would contribute to 
improve the solubility and miscibility.  Resulting 
curing reagent was used with PBG and EP (Fig. 2), 
which was applied to photo-adhesion as well as 
anionic UV curing.  
 
2. Experimental 
  Fmoc-L-Cys(Tr)-OH (N-α-(9-fluorenylmethoxy- 
carbonyl)-S-trityl-L-cysteine, Fmoc-D-Cys(Tr)-OH 
(D-isomer of Fmoc-L-Cys(Tr)-OH), and WSCI HCl 
(water soluble carbodiimide hydrochloride, 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride) were purchased from WATANABE 
CHEMICAL INDUSTRIES, Ltd. (Hiroshima, 
Japan).  Ethanol, iodine, tetrahydrofuran (THF), 
toluene, dichloromethane, and sodium sulfite were 
purchased from FUJIFILM Wako Pure Chemical 
Corporation (Osaka, Japan).  DMAP (dimethyl- 
aminopyridine), methanol, chloroform, acetone, 
and ethyl acetate were purchased from NACALAI 
TESQUE, INC. (Kyoto, Japan).  1,3-Di-4- 
piperidylpropane was purchased from Tokyo 
Chemical Industry Co., Ltd. (Tokyo, Japan).  
Polystyrene (PSt, Mw: 35000) and thin layer 
chromatography plate (TLC Silica gel 60 F254) 
were purchased from Sigma-Aldrich Co. LLC (St. 
Louis, United States).  All reagents were used 
without further purification. 
  1H- and 13C-NMR spectra were recorded using a 
Bruker AVANCEIII.  APCI-MS measurements 
were performed using an AB Sciex API2000.  
FT-IR spectral measurements were performed 
using a Perkin Elmer Spectrum100.  Anionic UV 
curing and photo-adhesion experiments were 
performed with 3UVTM-36UVLamp (Analytik Jena 
AG), UIT-250/UVD-C365 ultraviolet radiometer 
(Ushio Inc.), and SA-201 applicator (TESTER 
SANGYO Co., Ltd.).  Glass substrates were 
washed by ultrasonic treatment in acetone and then 
chloroform.  Pencil-hardness test was carried out 
with MJ-PHT tester (Sato Shouji Inc.).  Shear 
stress was recorded using MCT-1150 (A&D, Co., 
Ltd., tensile rate: 10 mm/min). 
 
2.1. Synthesis 

PBG [19] and EP [16] were synthesized and 
purified according to the related literatures 
reported previously. 

Synthesis of 1.  To a dried flask were added 
Fmoc-L-Cys(Tr)-OH (0.25 g, 0.43 mmol), Fmoc- 
D-Cys(Tr)-OH (0.25 g, 0.43 mmol), and WSCI 
HCl (0.18 g, 0.95 mmol) in dichloromethane (20 

mL) under nitrogen atmosphere.  The mixture 
was stirred at 0oC, followed by adding DMAP (8.1 
mg, 6.6 µmol) and ethanol (0.60 g, 13 mmol).  
After stirring at room temperature for 3 days, 
solvents were evaporated, and the residue was 
triturated in water.  The mixed equal amount of 
ethyl ester compounds (Fmoc-L-Cys(Tr)-OEt and 
Fmoc-D-Cys(Tr)-OEt) were obtained quantitatively 
as a white solid, confirmed by 1H-NMR spectral 
measurement.  1H-NMR (400 MHz, CDCl3): δ 
1.28 (t, 3H, J = 7.0 Hz, -CH3), 2.67 (m, 2H, 
-CH2S-), 4.2-4.4 (m, 6H, -CH2O-, C*H, 
>CH-CH2-), 5.30 (d, 0.8H, J = 8.0 Hz, -NH-), 
7.2-7.4 (m, 19H, Ar-H), 7.64 (d, 2H, J = 4.8 Hz, 
Ar-H), 7.79 (t, 2H, J = 4.8 Hz, Ar-H).  Product 
was used for the next reaction without further 
purification. 
  The mixture of ethyl ester compounds (0.48 g) 
in dichloromethane (20 mL) was added to a dried 
flask, followed by adding iodine (0.20 g, 0.79 
mmol).  The solution was stirred at room 
temperature for 66 h, and then quenched by 1% of 
sodium sulfite aqueous solution.  The organic 
layer was washed twice with brine, and evaporated 
to be subjected to column chromatography on 
silica gel (eluent: chloroform to chloroform/ 
methanol = 10/1, v/v).  A mixture of LL and DD 
isomers of cystine derivatives was obtained as a 
white solid in 73% total yield.  1H-NMR (400 
MHz, CDCl3): δ 1.31 (m, 6H, -CH3), 3.23 (m, 4H, 
-CH2S-), 4.2-4.7 (m, 12H, -CH2O-, C*H, 
>CH-CH2-), 5.78 (d, 2H, J = 5.2 Hz, -NH-), 
7.3-7.4 (m, 8H, Ar-H), 7.63 (br, 4H, Ar-H), 7.78 (t, 
4H, J = 7.6 Hz, Ar-H).  13C-NMR (100 MHz, 
CDCl3): δ 14, 41, 47, 53, 62, 67, 120, 125, 127, 
128, 141, 144, 156, 170.  APCI-MS: m/z calcd for 
C40H40O8N2S2: 740.96; found: 741.5. 
  Compound 2 was also synthesized and purified 
through the same procedure, obtaining as a white 
solid in 44% total yield.  1H-NMR (400 MHz, 
CDCl3): δ 1.31 (m, 6H, -CH3), 3.23 (m, 4H, 
-CH2S-), 4.2-4.7 (m, 12H, -CH2O-, C*H, 
>CH-CH2-), 5.77 (d, 2H, J = 7.6 Hz, -NH-), 
7.3-7.4 (m, 8H, Ar-H), 7.63 (br, 4H, Ar-H), 7.78 (d, 
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Fig. 2. Chemical structures of a photo-base 
generator, PBG, and an epoxy resin, EP. 
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4H, J = 7.6 Hz, Ar-H).  APCI-MS: m/z calcd for 
C40H40O8N2S2: 740.96; found: 741.5. 
 
2.2. Thermal decomposition behavior of 1 
  PSt, 1 (167 wt% toward PSt), and 
1,3-di-4-piperidyl- propane (0 or 5 mol% toward 1) 
were dissolved into THF.  Each solution was 
dropped on a silicon wafer, and dried in air.  The 
samples were heated at 160 or 120oC with FT-IR 
spectral measurements at 2-10 min intervals. 
 
2.3. Anionic UV curing 
  EP, 1 (100 mol% toward EP), and PBG (10 
mol% toward EP) were dissolved into THF.  The 
solution was bar-coated on a glass substrate with 
an applicator (4 mil), followed by pre-baking at 
80oC for 1 min.  The samples were then subjected 
to 0-10 J/cm2 of 365-nm light irradiation (3.9 
mW/cm2), followed by post-baking at 120-160oC 
for 30 min. 
 
2.4. Photo-adhesion and re-adhesion 
  Glass substrates coated partially with the 
mixture of EP, 1, and PBG were prepared 
according to the same method mentioned above.   
Each coating area was subjected to 10 J/cm2 of 
365-nm light irradiation (3.9 mW/cm2).  Two 
glass substrates were then stuck with each other 
through the UV- irradiated area (ca. 50-70 mm2), 
followed by post-baking at 160oC for 30 min with 
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(22oC).  After that, the two fracture surfaces were 
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temperature, to be subjected to shear stress test 
under the same experimental conditions. 
 
3. Results and discussion 
3.1. Synthesis of 1 
  In the oxidation reaction with a mixture of L- 
and D-isomers of cysteine derivatives, LL, DD, and 
LD isomers of cystine derivative would be 
synthesized stochastically.  It was confirmed that 
1 consists of LL and DD isomers, from the results 
on 1H-NMR and thin layer chromatography (TLC, 
Rf = 0.85, eluent: chloroform/methanol = 30/1, v/v) 
of 1 and 2.  On the other hand, another fraction 
(single spot on TLC plate, Rf = 0.60, eluent: 
chloroform/methanol = 6/1, v/v) was obtained in 
the purification process.  1H-NMR spectrum of 
the fraction (CDCl3) was complicated, and multiple 
spots were observed in a TLC after the NMR 

measurement.  These results imply the presence 
of the LD isomer in CDCl3 that would be unstable. 
  Cystine derivatives 1 and 2 showed good 
solubility toward general organic solvents, such as 
acetone, THF, chloroform, and ethyl acetate.  A 
cystamine analogue reported previously showed 
poor solubility [7], which indicates that ester 
moieties in the chemical structure of 1 or 2 would 
contribute to improvement of the solubility. 
 
3.2. Thermal decomposition behavior of 1. 
  In FT-IR spectral measurements, a peak around 
1700 cm-1 was assigned to stretching vibration of 
C=O bonds of 1, and decrease of the peak area was 
monitored.  The peak area decreased dramatically 
within 2 min by heating at 120oC in the presence of 
catalytic amount of base (Fig. 3).  In contrast, the 
area did not decrease even after heating at 160oC 
for 60 min without bases.  These results indicated 
not only auto-catalytic decomposition behavior of 
1, but also good thermal stability of 1.  There are 
three requirments for BAs [10]: 1) thermal stability 
in the absence of base, 2) auto-catalytic 
decomposition in the presence of base, and 3) 
generation of bases to have enough basicity for the 
following reactions.  Cystine derivative 1 
satisfied the first and second requirements. 
 
3.3. Anionic UV curing 
  To examine whether 1 also satisfies the third 
requirement, UV-cured films were fabricated with 
a homogeneous composition of PBG, 1, and EP.   
In the pencil-hardness tests (JIS K5400), the 
hardness is arranged as follows: 6B (softest), 
5B, ... , B, HB, F, H, 2H, ... , 9H (hardest).  In this 
test, the pencil is moved scratching over the 
surface of the coating at a 45o angle with a constant 
pressure (1 kgf).  In the case at 120oC, film was 
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not cured with 0 or 1 J/cm2 of UV irradiation, 
because trigger bases for the following reactions 
were not generated enough.  Increasing 
irradiation energy, films were cured successfully, 
which indicates that 1 was converted into its 
diamine to form cross-linked networks through 
reactions with epoxy resins.  Similar tendency 
was observed in the cases at 140oC or 160oC, 
although dark reactions were caused.  
Nevertheless, B-to-3B grades of UV-cured films 
were obtained, probably resulting from 
photo-triggered base proliferation reactions. 
 
3.4. Photo-adhesion and re-adhesion. 
  Using the anionic UV curing system, two glass 
substrates were stuck successfully where 1.6 MPa 
of the maximum shear stress was recorded (Fig. 4).  
Rough surface of the adhesive layer was remained 
on each substrate, which became soften over 50oC.  
Re-adhesive samples were subjected to shear stress 
test again, which shear stress became higher up to 
3.7 MPa that was comparable with the value 
required for products in our daily life (ca. 4 MPa).  
It was probably due to annealing of the adhesive 
layers in which exchange reactions between 
disulfide bonds would be caused [16, 20]. 
 
4. Conclusion 

Oxidation reactions of L- and D-cysteine 
derivatives gave a mixture of LL and DD isomers 
of cystine derivatives that dissolved into organic 
media.  The blending reagents worked as a BA, 
and anionic UV curing of an epoxy resin was 
performed, which was applied to photo-adhesion 
and re-adhesion.  The UV-cured material 
containing disulfide bonds would also be 
dismantled by gentle heating. 
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although dark reactions were caused.  
Nevertheless, B-to-3B grades of UV-cured films 
were obtained, probably resulting from 
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  Using the anionic UV curing system, two glass 
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of the maximum shear stress was recorded (Fig. 4).  
Rough surface of the adhesive layer was remained 
on each substrate, which became soften over 50oC.  
Re-adhesive samples were subjected to shear stress 
test again, which shear stress became higher up to 
3.7 MPa that was comparable with the value 
required for products in our daily life (ca. 4 MPa).  
It was probably due to annealing of the adhesive 
layers in which exchange reactions between 
disulfide bonds would be caused [16, 20]. 
 
4. Conclusion 

Oxidation reactions of L- and D-cysteine 
derivatives gave a mixture of LL and DD isomers 
of cystine derivatives that dissolved into organic 
media.  The blending reagents worked as a BA, 
and anionic UV curing of an epoxy resin was 
performed, which was applied to photo-adhesion 
and re-adhesion.  The UV-cured material 
containing disulfide bonds would also be 
dismantled by gentle heating. 
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 In this paper we studied on the size and morphology of polymer nano-film synthesized 
with the linker possessing the various length. Although the size measured by Zetasizer was 
larger than that by AFM, it was considered that polymer nano-film might be expanded due 
to solvation in PBS.  The morphology of the polymer nano-film synthesized from succinic 
acid and glutaric acid showed square morphology rather than sphere.  On the other hand, 
the polymer nano-film from azelaic acid showed spherical morphology.  It was suggested 
that the difference among them might be ascribe to the flexibility of a polymer nano-film.  
Thus, the longer crosslinking chain length could be a more flexible polymer nano-film. 
Keywords: Polymer nano-film, Crosslinking chain length, Plasma irradiation, 
Self-assembled phospholipid layer, Cyclodextrin 

 
 

1. Introduction 
The nano-film (or nano-sheet) 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].   

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 (LDPE-PC-SA) 
on it [17]. It was also confirmed that LDPE-PC-SA 
possessed fluidity resembling to cellular 
membrane.   

In recent years we have developed the polymer 

nano-film possessing hydrophilic and hydrophobic 
surface by using LDPE-PC-SA containing stearic 
acid (StA) (Fig. 1).  The morphology of polymer 
nano-film in organic solvents (methanol and 
chloroform) and water was estimated by 1H-NMR 
spectra measurement and atomic force microscope 
(AFM) measurement [18-20].   

It was assumed that the length of linker moiety 
might affect on the size and morphology of the 
polymer nano-film.  In this paper we studied on 
the size and morphology of polymer nano-film 
synthesized with the linker possessing the various 
length according to the previous method [18, 19].  
We selected three kinds of linker shown in Fig. 2, 
succinic acid, glutaric acid and azelaic acid.  The 
particle size and distribution of polymer nano-film 
in phosphate buffer solution was estimated by 
using Zeta sizer by dynamic light scattering.  The 
morphology of polymer nano-film in dry state was 
also estimated by atomic force microscope (AFM).  
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Fig. 1. Schematic illustration of the fabrication of polymer nano-film possessing hydrophilic and hydrophobic side with 
the self-assembled phospholipid layer containing stearic acid.   
 
 
 
 
 

 
 

 
Fig. 2. Structures of linker moiety (dicarboxylic acid) 
which replaced EBBA shown in Fig. 1. 
 
2. Experimental 
2.1. Materials  

Succinic acid was purchased from Kishida 
Chemical Co., Ltd.  Glutaric acid and azelaic acid 
were obtained from Nakalai Tesque Inc.  Per-6- 
amino-β-cyclodextrin (Per-6-ABCD) was syn- 
thesized according to the literatures [21].  
 
2.2. Preparation of polymer nano-film  

According to the literatures, the self-assembled 
phospholipid layer incorporating stearic acid (StA) 
(LDPE-StA-PC-SA) was fabricated, and then 
Per-6-ABCD was immobilized on the LDPE-StA- 
PC-SA film [17, 18].  To 100 mL of water was 
added 1 mL of 0.047 µmol/ml 1-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide hydrochloride 
(EDC-HCl) water solution and 50 µL of 29 
µmol/ml succinic acid in water.  This solution was 
kept at 30 ºC for 30 min.  The LDPE-StA-PC-SA 
film immobilizing Per-6-ABCD (1 x 3 cm, 40 
films) was soaked into this solution at 30 ºC for 18 
h.  These films were washed with water.  The 
films were immersed into 60 mL of ethanol and 
kept at 30 ºC 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 phosphate buffer saline (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. 
 
2.3. Size analysis and particle distribution 

The particle size (hydrodynamic radius and 
mean-square radius of gyration) and distribution of 
polymer nano-film were determined by using Zeta 
sizer by dynamic light scattering (Malvern Zetasizer 
nano ZS, Malvern instruments, UK).  Three 
replicates were measured. 
 
2.4 Atomic force microscope measurement in 
dynamic force mode 

The PBS solution of polymer nano-film was 
exchanged into distilled water.  The water 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 (MPP-11100-10, 
Veeco). AFM measurement was performed under 
atmospheric conditions. 
 
3. Results and Discussion 
3.1. Particle size of polymer nano-film in PBS 
The particle size and distribution of polymer 
nano-film was measured by Zetasizer in PBS.  
Figure 3 shows the number average particle 
diameter and size distribution of polymer nano-film 
synthesized with various linker (dicarboxylic acid).  
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PC-SA film [17, 18].  To 100 mL of water was 
added 1 mL of 0.047 µmol/ml 1-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide hydrochloride 
(EDC-HCl) water solution and 50 µL of 29 
µmol/ml succinic acid in water.  This solution was 
kept at 30 ºC for 30 min.  The LDPE-StA-PC-SA 
film immobilizing Per-6-ABCD (1 x 3 cm, 40 
films) was soaked into this solution at 30 ºC for 18 
h.  These films were washed with water.  The 
films were immersed into 60 mL of ethanol and 
kept at 30 ºC 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 phosphate buffer saline (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. 
 
2.3. Size analysis and particle distribution 

The particle size (hydrodynamic radius and 
mean-square radius of gyration) and distribution of 
polymer nano-film were determined by using Zeta 
sizer by dynamic light scattering (Malvern Zetasizer 
nano ZS, Malvern instruments, UK).  Three 
replicates were measured. 
 
2.4 Atomic force microscope measurement in 
dynamic force mode 

The PBS solution of polymer nano-film was 
exchanged into distilled water.  The water 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 (MPP-11100-10, 
Veeco). AFM measurement was performed under 
atmospheric conditions. 
 
3. Results and Discussion 
3.1. Particle size of polymer nano-film in PBS 
The particle size and distribution of polymer 
nano-film was measured by Zetasizer in PBS.  
Figure 3 shows the number average particle 
diameter and size distribution of polymer nano-film 
synthesized with various linker (dicarboxylic acid).  

The character in the parentheses denotes the 
number of methylene carbon in the linker.  The 
particle diameter of polymer nano-film synthesized 
from succinic acid was smallest among them, and 
that from glutaric acid was largest.  The size 
distribution of the polymer nano-film from succinic 
acid was narrower than the others.  The ρ value 
was represented by the ration of the mean-square 
radius of gyration (<S2>) and the hydrodynamic 
radius (Rh), ρ = <S2>/ Rh, and used to estimate the 
morphology of polymer in a solution.  The ρ 
values of polymer nano-film from succinic acid and 
azelaic acid were about 1.3 and 0.5, respectively.  
When the ρ value was less than 1, the morphology 
of polymer was estimated as a shrink form such as 
spherical structure.  On the other hand, in the case 
of more than 1 the morphology was assumed as an 
expanded form and the gaussian chain was expected 
in the case of 1.5.  Therefore, it was suggested that  
the polymer nano-film from succinic acid might be 
an expanded morphology like a film and that the 
structure in the case of azelaic acid might be 
spherical.  
 
3.2. Morphology estimation of polymer nano-film 
in dry condition by AFM measurement 

The water solution of polymer nano-film was 
casted on mica, and then dried to obtain the AFM 
sample.  Figure 4 shows the AFM images of polymer 
nano-film synthesized form three kinds of linkers. 

Although the number average particle diameter 
estimated on AFM measurement was clearly 
smaller than those on Zetasizer, the order of 
average diameter from AFM measurement was 
coincident with those from Zetasizer.  It was 
considered that polymer nano-film might be 
expanded due to solvation in PBS.  The 
morphology of polymer nano-film from succinic 
acid showed nearly rectangle shape, and the average 
height was lowest among them.  It was presumed 
that the shorter linker length might cause the steric 
hindrance between Per-6-ABCDs under 
crosslinking process, so that the smaller polymer 
nano-film could be formed.  As described above it 
was assumed that the morphology of this polymer 
nano-film could be an expanded form from the ρ 
value.  As shown in Fig. 4(B) the polymer 
nano-film synthesized from glutaric acid 
demonstrated square morphology rather than sphere 
and the largest size among them.  On the other 
hand the polymer nano-film synthesized from 
azelaic acid showed spherical morphology and its 
size was smaller than that from glutaric acid.  It 
was considered from these results that glutaric acid 
might produce a larger polymer nano-film than that 

from succinic acid due to longer linker.  As the 
polymer nano-film of azelaic acid had a long alkyl 
group, it was expected that this nano-film would 
possess high flexibility. Therefore, it was 
considered that this polymer nano-film could show 
the spherical morphology having hydrophobic 
surface inside.  The similar result was obtained 
from the ρ value.  We had reported that the 
polymer nano-film possessing longer linker chain 
than azelaic acid showed spherical morphology by 
observing AFM measurement [19]. 
 
4. Conclusion 

The conclusions drawn from the present study 
can be summarized as follows. 
Although the size measured by Zetasizer was larger 
than that by AFM, it was considered that polymer 
nano-film might be expanded due to solvation in 
PBS.  The morphology of the polymer nano-film 
synthesized from succinic acid and glutaric acid 
showed square morphology rather than sphere.  On 
the other hand, the polymer nano-film from azelaic 
acid showed spherical morphology.  It was 
suggested that the difference among them might be  

 

 
 
Fig. 3. Number average particle diameter and size 
distribution of polymer nano-film synthesized form (A) 
succinic acid, (B) glutaric acid, and (C) azelaic acid. 
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ascribe to the flexibility of a polymer nano-film.  
Thus, the longer crosslinking chain length could be 
a more flexible polymer nano-film. 

We are now actively elaborating the application 
to a drug carrier possessing more effective drug 
release property using polymer nano-film. 
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  In this study, we investigated the rheological behavior of a cholesteric liquid crystalline 
polymer prepared by esterification of hydroxyl propyl cellulose (HPC) with propionyl 
chloride.  The HPC ester tethering propionyl side chains (HPC-Pr) showed thermotropic 
cholesteric liquid crystal (CLC) phase with visible Bragg reflection in the temperature range 
between 100 ºC and 135 ºC.  Although visible Bragg reflection of HPC-Pr disappeared even 
after cooling from the temperature above isotropic phase transition temperature, we observed 
birefringence under crossed Nicols.  Therefore, at this state, the molecular structure of HPC-
Pr might be partially isotropic.  The partially isotropic HPC-Pr had a relatively high 
viscosity as confirmed by rheological measurements.  On the other hand, the viscosity 
decreased by shearing. 
Keywords: Cellulose derivative, Cholesteric liquid crystals, Bragg reflection, Rheology, 
Viscoelasticity 

 
 

1. Introduction 
Cellulose is the most abundant polymer on the 

earth, and its derivatives often show liquid 
crystalline phase [1].  Especially, hydroxypropyl 
cellulose (HPC) is one of the most frequently 
investigated cellulose derivatives.  For instance, 
HPC derivatives possessing acyl groups are known 
to show cholesteric liquid crystal (CLC) phase [2-
4].  At the CLC phase, the chiral molecules are 
self-organized to form the helicoidal molecular 
structure with a periodic helical pitch.  When 
unpolarized light propagates into the CLC, right-
handed or left-handed circularly polarized light of a 
specific wavelength is reflected depending on the 
handedness of helical molecular structure.  The 
specific reflection peak wavelength (λref) by CLC is 
quantitatively determined by the following formula: 

 
𝜆𝜆𝜆𝜆ref = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (1) 

 
where n is the average refractive index of CLC and 
p is the helical pitch length [5].  Such a light 
reflection phenomenon can be regarded as a sort of 
Bragg reflection. 

Previous report on the HPC derivatives with 
various acyl groups have shown that their average 
refractive indices are approximately 1.46 regardless 
of the alkyl chain length of their substitution groups 
[6].  By considering the experimental result, the 
reflection peak wavelength can be tuned by 
controlling the CLC helical pitch length by external 
stimuli.  In the case of thermotropic CLCs, the 
helical pitch length is changed by temperature due 
to the thermodynamic motion of CLC molecules.  
Consequently, the reflection wavelength of CLC 
can be tuned by controlling the temperature [7].  

The rheological behavior of HPC derivatives 
possessing acyl groups is interesting.  Previous 
studies reported that sticky products are obtained by 
acylation of HPC [3,4,8-10].  This phenomenon is 
quite strange in that sticky polymer melts are 
produced from a powdery raw material of pristine 
HPC after the simple acylation.  In addition, the 
fundamentals and applications of HPC derivatives 
with acyl groups are numerously discussed, 
focusing on their environmental-friendliness and 
CLC properties [10-15].  As well as the other CLC 
materials, it is expected to be applied for versatile 

Communication

Journal of Photopolymer Science and Technology

Volume 34, Number 5 (2021)    －     Ⓒ 2021SPST537 542

537

Received
Accepted

March  30, 2021
April  28, 2021



photonic devices such as temperature sensors and 
reflective color displays.  In the perspective of 
practical realization of them, the knowledge of their 
basic physical and mechanical properties is of prime 
importance.  However, a limited number of studies 
on rheological behavior of acylated HPC derivatives 
have been reported, while there are many papers on 
that of HPC solutions.  It is important to 
comprehend the rheological behavior of polymer 
melts. 

In this report, we describe the optical and 
rheological properties of a HPC derivative 
possessing propionyl side chains (HPC-Pr), as 
shown in Fig. 1.  The transmission spectral 
measurements of HPC-Pr revealed that the 
reflection peak wavelength is controlled by 
temperature, arising from the thermotropic CLC 
feature.  Then, the viscoelasticity of HPC-Pr is 
measured to investigate the rheological behaviors 
caused by the helical molecular structure of CLC.  
The present report would pave the way to 
understand the intrinsic physical properties of HPC 
derivatives from both scientific and practical 
viewpoints.   
 
2. Experimental 
2.1. Materials 

We used a commercially available substance of 
HPC (Fujifilm Wako Pure Chemical Co.; Viscosity 
of 2.0 wt% aqueous solution, 2.0~2.9 mPa·s).  The 
number of hydroxypropyl groups per HPC 
monomer unit, i.e., molar substitution value (MS), 
was determined to be 4.0 by using the 1H-NMR 
spectrum [16].  HPC was dried under vacuum 
before use.  Anhydrous pyridine (Kanto Chemical 
Co., Inc.; 99.5%), anhydrous acetone (Kanto 
Chemical Co., Inc.; 99.5%), and propionyl chloride 
(Tokyo Chemical Industry Co. Ltd.; 98.0%) were 
used as received. 

Figure 1 shows the chemical structure of a HPC 
derivative possessing propionyl side chains (HPC-
Pr).  According to our previous report [14], HPC-
Pr was synthesized by the esterification of HPC with 
propionyl chloride. 
 
2.2. Measurement of optical properties 

To fabricate a CLC cell, HPC-Pr was sandwiched 
between a pair of two glass plates with a gap of 
approximately 200 µm.  Transmission spectra of 
the CLC cell were measured using a compact CCD 
spectrometer (Ocean Optics, USB2000+) equipped 
with a tungsten halogen light source for the probing 
white light.  The temperature of CLC cell was 

precisely controlled using a hot stage system 
(Mettler Toledo, HS82 and HS1). 

 
2.3. Measurement of rheological properties 

The viscosity measurements were performed 
using a stress-controlled rheometer (Anton Paar, 
MCR102) equipped with a stainless-steel parallel 
plate with a diameter of 25 mm.  HPC-Pr was 
sandwiched at the gap of approximately 500 µm.  
In this experiment, the shear rate (�̇�𝛾𝛾𝛾) was increased 
from 0.01 s−1 to 100 s−1 and then decreased from 100 
s−1 to 0.01 s−1 taking 41 sec in each way.  By using 
a forced convection oven, the temperature of HPC-
Pr was maintained at 100 ºC during the 
measurements.  As heated at this temperature of 
100 ºC, a reflection peak of HPC-Pr emerged around 
400 nm, as mentioned below. 

Oscillatory shear rheology measurements were 
also conducted by using the above-mentioned 
rheometer.  The storage modulus (G’) and loss 
modulus (G”) were measured at angular frequencies 
(ω) ranging from 100 rad/s to 0.1 rad/s at the 
temperature between 40 ºC to 100 ºC at the intervals 
of 20 ºC.  The strain amplitude was adjusted in the 
range of 0.2% to 2.0%, which was sufficiently small 
to measure the linear viscoelasticity.  The master 
curves were created by shifting the G’ and G” results 
in logarithmic scales according to the time-
temperature superposition principle with reference 
temperature (Tref) of 100 ºC.  When shifting the 
results, the amounts of horizontal and vertical shifts 
of the curves at each temperature are called the 
horizontal shift factor (aT) and vertical shift factor 
(bT), respectively.  The values aT and bT are 
dependent on the temperature. 

Before each measurement, HPC-Pr was either 
preheated or presheared to erase any remaining the 
historical molecular orientation.  Hereafter, the 
samples are noted as Pr-H or Pr-S, respectively.  
Pr-H was prepared by heating at 155 ºC for 5 min in 

 

Fig. 1. Chemical structure of a hydroxypropyl cellulose 
derivative possessing propionyl side chains (HPC-Pr). 
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Fig. 1. Chemical structure of a hydroxypropyl cellulose 
derivative possessing propionyl side chains (HPC-Pr). 

the rheometer, which was higher than the isotropic 
phase transition temperature of HPC-Pr (Ti = 150 
ºC) to ensure the random orientation of cholesteric 
texture confirmed by polarized optical microscopic 
observation.  Pr-S was prepared by shearing at the 
rate of 10 s−1 for 200 sec heated at 100 ºC, which 
was sufficiently long enough to reach its steady state 
of molecular alignment. 

 
3. Results and discussion 
3.1. Synthesis of HPC-Pr 

We confirmed that all hydroxyl groups in the side 
chains of HPC are completely substituted with 
propionyl groups to form HPC-Pr.  According to 
the identification method described in our previous 
report [14], the 1H-NMR spectrum of HPC-Pr in 
CDCl3 indicated that all hydroxyl groups of HPC 
are esterified by propionyl chloride.  Also, the FT-
IR spectrum showed the disappearance of a broad 
peak around 3500 cm−1, assigned to the O-H 
stretching vibration of pristine HPC, after the 
esterification of HPC with propionyl chloride. 
 
3.2. Reflection properties of HPC-Pr 

The Bragg reflection peak wavelength of HPC-Pr 
was dependent on the temperature.  Figure 2 
shows the changes in the transmission spectrum of 
a cell of HPC-Pr upon stepwise heating from 100 ºC 
to 135 ºC at the intervals of 5 ºC.  The Bragg 
reflection peak was continuously red-shifted from 
400 nm to 635 nm upon heating from 100 ºC to 135 
ºC.  Such a shift of Bragg reflection peak can be 
attributed to the increase of the helical pitch length 
of the thermotropic CLC induced by temperature 
[7,17].  Furthermore, we confirmed that the 

reflection peak is blue-shifted from 635 nm to 400 
nm upon cooling process from 135 ºC to 100 ºC.  
Therefore, the reflection wavelength shift by 
temperature was found to be fully reversible in the 
range between 100 ºC and 135 ºC. 

 
3.3. Pretreatment of HPC-Pr before rheological 
measurements [18] 

Figure 2 also shows the broadening of reflection 
band as well as the decrease of reflection intensity 
by elevating the temperature from 100 ºC to 135 ºC, 
suggesting that the helical axis of CLC gradually 
becomes the disordered by heating close to the 
isotropic phase temperature.  This is also 
supported by the fact that the Bragg reflection is not 
observed at 100 ºC for at least 3 h after heating at 
155 ºC for 5 min once.  This result emphasizes that 
the preheating process deteriorates the orientational 
order of helical axis of CLC.  On the other hand, 
as HPC-Pr was heated at 155 ºC, followed by 100 
ºC, the polarized optical microscopic observation 
between crossed Nicols confirmed that HPC-Pr 
shows slight birefringence.  However, at this stage, 
no Bragg reflection color was observed.  Taking 
the overall facts in account, the molecular structure 
of HPC-Pr after preheating process can be 
interpreted as follows.  Although the CLC 
molecules form the helicoidal structure at the 
microscopic scale such as one helical pitch or less, 
the helical axis is aligned in random directions.  As 
a result, Bragg reflection was not observed due to 
the randomly-aligned helical axis of CLC structure 
while the birefringence was observed due to the 
formation of CLC structure at microscopic scale.  
This motivated us to investigate the shearing effect 
of HPC-Pr. 

The preshearing time was determined to be 200 

 

Fig. 2. Transmission spectral changes in the CLC cell 
of HPC-Pr upon stepwise heating from 100 ºC to 135 
ºC at the intervals of 5 ºC.  The reflection peak was 
red-shifted, accompanied by the spectral broadening, 
upon the heating process. 
 

 

Fig. 3. Time dependence of the viscosity (η) (�̇�𝛾𝛾𝛾 = 10 
s−1, 100 ºC) of a preheated CLC of HPC-Pr, which 
reached the steady state by shearing at 200 sec. 
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sec, which is sufficient to align CLC layers.  
Figure 3 shows the time dependence of viscosity of 
HPC-Pr measured at 100 ºC by shearing at a 
constant rate of 10 s−1.  The viscosity gradually 
decreased with taking the measurement time up to 
150 sec.  However, the viscosity became constant 
at 19 Pa·s despite the prolonged measurement time 
of 150 sec or more, suggesting that the sample 
reached its steady state.  This experimental result 
also implies that the alignment of CLC layers is 
completed by shearing at 10 s−1 for 150 sec. 
 
3.4. Rheological properties of HPC-Pr 

Although both Pr-H and Pr-S exhibited shear 
thinning behavior, their flow curves were different 
when �̇�𝛾𝛾𝛾  is increased, as shown in Fig. 4.  Shear 
thinning is a decrease of viscosity with increasing 
the shear rate, and often occurred by structure 
deformation of the sample [19].  This indicates 
that the CLC structure of HPC-Pr is changed by 
shearing.  Thereby, we focus on the difference of 
viscosity between Pr-H and Pr-S.  It is well-known 
that the viscosity is crucially influenced by the 
molecular arrangements. 
 

For instance, the viscosity of polymers whose 
chains entangle themselves tends to be higher than 
that of unentangled one [20].  The viscosity of Pr-
H at 0.2 s−1 was 3.0 × 102 Pa·s, which was up to 7.5 
times higher than that of the Pr-S (40 Pa·s).  Such 
high viscosity of Pr-H can be attributed to the 
randomly oriented CLC layers.  When the Pr-H is 
sheared, the additional force is requisite to generate 
well alignment of CLC layers from random state 
[18]. 

On the other hand, when �̇�𝛾𝛾𝛾 was decreased, the 
viscosity of Pr-H and Pr-S were almost identical 
regardless of �̇�𝛾𝛾𝛾 .  This is because the CLC 
alignment is completed in the process of increasing 
�̇�𝛾𝛾𝛾 for both Pr-H and Pr-S. 

The flow curve of Pr-H also exhibited shear 
thickening behavior in the �̇�𝛾𝛾𝛾 range from 0.01 s−1 to 
0.1 s−1.  In general, the shear thickening behavior 
appears with structure formation by shear.  This 
fact implies the alignment of CLC layers is induced 
when �̇�𝛾𝛾𝛾 is below 0.01 s−1, which is reasonable for 
considering the randomly-arranged CLC layers.  
Pr-H seems to be more viscous than Pr-S. 

Figures 5 (a) and 5 (b) shows the master curves 
of G’ and G” of Pr-H and Pr-S heated at Tref of 100 
ºC.  The master curve of Pr-H given in Fig. 5 (a) 
can be divided into two regions by the difference of 
relationship between G’ and G”.  In the region of 
ω below 4.0 × 10−1 rad/s, G’ exceeds G” and reaches 
a plateau, which implies that Pr-H is more solid-like 
in this region.  This rigidity of Pr-H can be caused 
by the randomly oriented CLC layers as described 
above.  At higher region of ω over 4.0 × 10−1 rad/s, 
G” became larger than G’ and the slopes of G’ and 
G” in the range above ω = 1.0 × 102 rad/s were 

 

Fig. 4. Shear-rate dependences at 100 ºC of the apparent 
viscosity of Pr-H and Pr-S samples.  The value η of 
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sec, which is sufficient to align CLC layers.  
Figure 3 shows the time dependence of viscosity of 
HPC-Pr measured at 100 ºC by shearing at a 
constant rate of 10 s−1.  The viscosity gradually 
decreased with taking the measurement time up to 
150 sec.  However, the viscosity became constant 
at 19 Pa·s despite the prolonged measurement time 
of 150 sec or more, suggesting that the sample 
reached its steady state.  This experimental result 
also implies that the alignment of CLC layers is 
completed by shearing at 10 s−1 for 150 sec. 
 
3.4. Rheological properties of HPC-Pr 
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estimated to be approximately 1.0 and 0.8, 
respectively.  These values are different from those 
of the ideal Newtonian fluid, which would be 2.0 
and 1.0, respectively.  Such smaller ω 
dependences of G’ and G” can be attributed to the 
disturbed flow behavior caused by the molecular 
orientation of CLCs. 

The master curve of Pr-S presented in Fig. 5 (b) 
is reasonably characterized by two differences when 
compared with that of Pr-H as follows.  First, G” 
exceeded G’ in the entire ω range, and no plateau of 
G’ was observed.  This indicates that Pr-S is more 
liquid-like in lower ω regions.  This liquid-like 
behavior might be happened by the aligned CLC 
structure.  Second, both G’ and G” of Pr-H were 
higher than those of Pr-S in the entire ω range.  On 
the other hand, the slopes of both G’ and G” in the 
range above ω = 1.0 × 102 rad/s were approximately 
1.0 and 0.8, respectively, which was the same as 
those of Pr-H. 

Considering the overall results, it turned out that 
Pr-H is more viscous and rigid rather than Pr-S.  
This rigidity of Pr-H might stem from the randomly 
oriented CLC layers, as mentioned above. 
 
4. Conclusion 

In this study, the rheological behavior of a CLC 
polymer derived from HPC was investigated.    
As the CLC polymer was preheated above the 
isotropic phase transition temperature, the partially 
isotropic structure remained even after cooling.  
This was confirmed by the fact that the color 
derived from Bragg reflection did not appear but 
birefringence appears in this state.  In this way, the 
preheated CLC polymers behave more viscously 
and rigidly than the presheared ones, which might 
be attributed to their randomly oriented CLC layers.  
The experimental evidence is expected to be 
available to apply the general CLC polymers for not 
only the comprehension of physical properties from 
a scientific standpoint, but also the fabrication of 
novel photonic devices with CLC materials from a 
practical standpoint [21-25]. 
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In this report, we successfully fabricated the colloidal crystal (CC) gel films of silica 

microparticles combined with a temperature-responsive biocompatible hydrogel of poly(N-
vinylcaprolactam) (VCL).  When the CC VCL film was prepared by filling VCL precursor 
into the void space between silica particles of CC film, followed by the thermal 
polymerization, the Bragg reflection peak was red-shifted from 475 nm to 535 nm due to the 
change of refractive index contrast.  Subsequently, immersion of the CC VCL film into an 
excess of water led to the formation of CC VCL gel film, wherein the VCL matrix swelled in 
water to form the hydrogel state.  As elevating the temperature from 25 °C, this CC VCL 
gel film showed the reflection color changes from red to green, arising from the decrease of 
lattice constant induced by the shrinkage of VCL hydrogel.  Moreover, the reflection color 
changes of CC VCL gel film were found to be fully reversible.  In this way, we believe that 
such CC VCL gel films can be potentially applied to novel temperature sensors with 
biocompatibility. 
Keywords: Colloidal crystal, Temperature response, Poly(N-vinylcaprolactam), 
Hydrogel, Silica particle, Bragg reflection 

 
 

1. Introduction 
Colloidal crystals (CCs) are three dimensionally 

ordered arrays composed of monodisperse colloidal 
particles with the submicrometer size [1-5].  The 
CCs are also regarded as one of the 3D photonic 
crystals, which show the photonic band gaps in the 
visible wavelength range due to the spatial 
periodicity of the refractive indices [6-9].  
Therefore, the CCs can reflect visible light in 
accordance with the Bragg’s law [9,10].  The 
suspensions of uniform colloidal particles often 
show Bragg reflection after the deionization.  
However, the fluid suspensions with CCs would be 
impractical due to the difficulty in handling.  To 
overcome this issue, the CC gel films, in which the 
CC structures are stabilized with polymer gels, have 
been developed for the application to intriguing 
photonic devices [11-15].  Many polymer gels can 
alter their volume in response to the changes in 
environmental conditions such as temperature, 

solvent, and pH [12-14,16].  Thus, CC gel films 
are attracting interests due to their ability to 
manipulate their Bragg reflection colors caused by 
the changes of lattice constant of CCs accompanied 
with the swelling or shrinking of gels [12-14].  
Such CC gel films have been expected as sensors 
for detecting and monitoring the environmental 
fluctuations through its Bragg reflection color 
changes [12,15]. 

So far, there have been numerous reports on the 
temperature responsive CC gel films fabricated 
using poly(N-isopropylacrylamide) (NIPA) 
derivatives [12-15].  However, it is well known 
that acrylamide as the basic skeleton of NIPA has 
strong toxicity and harm for human health.  This 
toxicity is an important concern from both practical 
and environmental perspectives. 

Therefore, we focused on poly(N-
vinylcaprolactam) (VCL) as a new temperature 
responsive hydrogel instead of NIPA.  Although 

Communication

Journal of Photopolymer Science and Technology

Volume 34, Number 5 (2021)    －     Ⓒ 2021SPST543 548

543

Received
Accepted

April  1, 2021
April  30, 2021



VCL has attracted a great deal of attention for its 
biocompatibility in the field of biology [17-19], the 
report on CC gel films combined with VCL has not 
been made yet.  Figure 1 shows the chemical 
structure of VCL.  Because VCL has both 
hydrophilic and hydrophobic groups in a similar 
structure to NIPA, VCL hydrogel exhibits the 
temperature response of volume change [20-25]. 

In this study, we investigated the volume phase 
transition behavior of a pristine VCL hydrogel film 
by temperature.  By combining the CC film of 
silica microparticles with VCL hydrogel, we 
successfully demonstrated the reflection color 
changes by temperature.  The present report 
indicates that VCL is an alternative material of 
NIPA to produce the biocompatible CC gel films. 

 
2. Experimental 
2.1. Materials 

As a monomer, N-vinylcaprolactam was 
purchased from Sigma-Aldrich Japan.  After 
recrystallization from hexane and heating above the 
melting temperature of 38 °C, N-vinylcaprolactam 
was used to prepare the VCL precursor.  We 
adopted 1,4-bis(acryloyloxy)butane (BAOB) as a 
crosslinking agent and 2,2’-azobis(isobutyronitrile) 
(AIBN) as a thermal radical initiator, which were 
obtained from Tokyo Chemical Industry Co., Ltd.  
The materials were used as received without any 
further purification.  A 20 wt% aqueous 
suspension of silica microparticles with the 
diameter of ca. 220 nm was obtained from Nippon 
Shokubai Co., Ltd. 
 
2.2. Fabrication of pristine VCL gel film 

A mixture of N-vinylcaprolactam (2.0 g) and 
BAOB (50~200 μL) was degassed under nitrogen 
flow at 50 °C.  In this time, N-vinylcaprolactam 
showed the supercooled liquid state which 

maintained the liquid state below its melting 
temperature.  After 20 min, AIBN (6.0 mg) was 
added into the mixture at room temperature to 
prepare the VCL precursor.  Successively, the VCL 
precursor was injected into a pair of two glass plates 
with a gap of 800 μm, and heated at 60 °C for 4 h.  
The VCL gel film was obtained after exfoliating 
from the glass plates, and subsequently immersing 
into an excess of water for swelling of VCL matrix. 
 
2.3. Fabrication of CC films of silica microparticles 
stabilized with VCL and VCL hydrogel gel 

A CC film was formed on a glass substrate by 
dropping an aqueous suspension of silica 
microparticles with the diameter of ca. 220 nm on a 
hydrophilic glass substrate and heating at 90 °C for 
40 h.  Then, another glass plate was covered on the 
CC film with a gap of 500 μm, and the VCL 
precursor was injected into the pair of two glass 
plates.  The CC film stabilized with VCL (CC 
VCL film) was obtained after heating at 60 °C for 4 
h for the thermal polymerization of VCL precursor.  
Finally, after immersing the CC VCL film in water, 
we obtained the CC film stabilized with VCL 
hydrogel (CC VCL gel film). 
 
2.4. Measurement of the volume phase transition 
temperature of pristine VCL gel film 

After the pristine VCL gel film was cut into a disk 
shape with a diameter of 10 mm, its diameter was 
measured in the temperature range of 25 °C to 50 °C. 
 
2.5. Measurement of the reflection spectra 

The reflection spectra of CC films were measured 
using a compact CCD spectrometer of Ocean Optics, 
Inc. equipped with both halogen light source and 
optical fiber with reflection probe.  The reference 
was taken as the distance between reflection probe 
and total reflection mirror was set at 2 mm.  Then, 
the reflection spectra of CC film, CC VCL film, and 
CC VCL gel film were measured at the same 
distance for the quantitative comparison of spectral 
shapes and their light intensities.  As the white 
light was irradiated from the surface normal of film, 
the reflection spectra were measured in the direction 
of regular reflection. 
 
3. Results and discussion 
3.1. Diameter changes of VCL hydrogel film 

Figure 2 (A) shows the changes in diameter of a 
VCL hydrogel film in the temperature range from 
25 °C to 50 °C.  The diameter of VCL hydrogel 
film decreased in a sigmoidal way with elevating the 

 
Fig. 1. Chemical structure of a temperature-responsive 
biocompatible hydrogel of poly(N-vinylcaprolactam) 
(VCL). 
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Fig. 1. Chemical structure of a temperature-responsive 
biocompatible hydrogel of poly(N-vinylcaprolactam) 
(VCL). temperature, suggesting the thermally induced 

shrinkage of VCL gel film.  Especially, the VCL 
hydrogel film shrank drastically in the range from 
30 °C to 34 °C.  Therefore, it found that the 
volumetric phase transition of VCL hydrogel film 
occurs at around 32 °C.  Moreover, the VCL 
hydrogel film shrank by 33% at 50 °C from initial 
state at 25 °C, as shown in Fig. 2 (B).  The 
shrinkage of VCL hydrogel film upon increasing the 
temperature can be explained by the interaction 
between the hydrophilic groups and hydrophobic 
groups in the chemical structure of VCL [24].  The 
VCL hydrogel was hydrophilic and swollen state 
below approximately 32 °C.  However, as heating, 
the VCL hydrogel changed gradually from 
hydrophilic to hydrophobic because hydrophobic 
interactions became dominant [24].  As a result, 
hydrophobic interactions led to the aggregation of 
polymer chains and shrinkage of VCL hydrogel.  
Furthermore, it turned out that the volumetric phase 
transition temperature of VCL hydrogel is nearly 
equal to that of NIPA gel with the temperature of 
32~34 °C [14,15,22].  Thus, we considered that the 
VCL gel would be applied in the biological realm 

such as drug delivery system from its volumetric 
phase transition temperature which is close to 
human body temperature. 
 
3.2. Fabrication and reflection properties of CC 
films of silica microparticles stabilized with VCL 
and VCL hydrogel 

As mentioned in the Experimental Section, we 
fabricated three kinds of films: CC film, CC VCL 
film, and CC VCL gel film. 

Figure 3 shows the reflection spectra of their 
films.  As the CC film of silica microparticles with 
the diameter of ca. 220 nm, the reflection peak of 
CC films appeared at 475 nm and the reflectance 
reached around 60%, which suggests the relatively 
high uniformity of CC structure.  After that, the 
void space between the silica microparticles in the 
CC film was filled with VCL precursor, followed by 
heated at 60 °C for 4 h for the thermal 
polymerization.  In other words, the background 
medium of CC film was exchanged from air to VCL 
matrix.  At this stage, the reflection peak of CC 
VCL film appeared at 535 nm and the reflectance 
was around 20%.  The decrease in reflectance can 
be ascribed to the slight disorder of silica 
microparticles in the CC structure by immersing the 
VCL precursor.  Finally, after the CC VCL film 
was immersed into an excess of water to form the 
CC VCL gel film, the reflection peak was shifted 
from 535 nm to 640 nm.  From the experimental 
results, we presumed that the reflection wavelength 
is red-shifted due to the changes of refractive index 
contrast caused by filling the background of silica 
microparticles in CC film with air, VCL, and VCL 
hydrogel. 

 
The reflection peak wavelengths of CC film and 

CC VCL film were reasonable from the theoretical 

 
Fig. 2. (A) Changes in diameter of the pristine VCL gel 
film as a function of temperature from 25 °C to 50 °C.  
The film thickness was maintained at 800 μm using 
PTFE spacers during the measurement.  (B) Snapshot 
images of the pristine VCL gel film at 25 °C (left) and 
50 °C (right).  The scale bars represent 5 mm. 

 
Fig. 3. Reflection spectra of three kinds of CC films of 
silica microparticles such as CC film (a), CC VCL film 
(b), and CC VCL gel film (c). 
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viewpoint.  In general, the reflection peak of CC 
film stems from the light reflection from the (111) 
plane of face-centered cubic lattice of 
microparticles.  Taking the geometric structure of 
CC in account, the lattice spacing along the (111) 
plane (d111) is theoretically expressed as the 
following equation. 
 

𝑑𝑑𝑑𝑑111 =
𝑎𝑎𝑎𝑎
√3

(1) 

 
where a corresponds to the lattice constant of 
microparticles.  Therefore, the reflection peak 
wavelength (λ) of CCs can be calculated by the 
following equation. 

 

𝜆𝜆𝜆𝜆 =
2𝑎𝑎𝑎𝑎(0.74𝑛𝑛𝑛𝑛𝑃𝑃𝑃𝑃 + 0.26𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵)

√3
(2) 

 
where 𝑛𝑛𝑛𝑛𝑃𝑃𝑃𝑃  is the refractive index of silica 
microparticles, 𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵  is the refractive index of 
background medium. 

In this study, we used silica microparticles.  So, 
𝑛𝑛𝑛𝑛𝑃𝑃𝑃𝑃  is assumed to be 1.43 according to the 
experimental data given from Nippon Shokubai Co., 
Ltd.  In the case of CC film, 𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵 is 1.00 because 
the background medium of CC film is air.  
According to the equation (2) combined with 𝑛𝑛𝑛𝑛𝑃𝑃𝑃𝑃 = 
1.43 and 𝑛𝑛𝑛𝑛𝑀𝑀𝑀𝑀  = 1.00, the Bragg reflection peak 
wavelength of CC film was calculated to be 474 nm, 
which is almost identical to that of measured 
spectrum (λ = 475 nm).  In the case of CC VCL 
film, 𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵 is 1.55 because the background medium 
is VCL.  Therefore, theoretical reflection 
wavelength is theoretically calculated to be 526 nm, 
which is also well-agreed with that of measured 
spectrum (λ = 535 nm).  However, the theoretical 
reflection wavelength of CC VCL gel film was not 
consistent with the measured value.  The Bragg 
reflection peak of VCL gel film appeared at 640 nm, 
which is much longer than the one calculated by the 
equation (2) (λ = 505 nm).  From this result, we 
considered that the reflection wavelength shift of 
CC VCL gel film before and after immersion in 
water happens probably from not only the change of 
refractive index contrast, but also the increase of 
lattice constant of CCs.  In fact, the ratio of the 
Bragg reflection peak between measured value (λ = 
640 nm) and theoretically value (λ = 505 nm) 
regarding CC VCL gel film was 127%.  This value 
is comparable to the swelling degree of CC VCL 
film before and after immersing into water.  In the 

preliminary experiment, after the CC VCL film was 
immersed into an excess of water to form the CC 
VCL gel film, we observed that the CC VCL gel 
film swells by 135% rather than the state of CC VCL 
film without water.  Therefore, we considered that 
the ratio of the Bragg reflection peak in CC VCL gel 
film is caused by changing the volume of CC VCL 
film before and after immersing into water.  This is 
because the volume change rate was nearly equal to 
the difference rate of Bragg reflection peak in CC 
VCL gel film. 
 
3.3. Temperature response of reflection properties 
of CC films of silica microparticles stabilized with 
VCL hydrogel 

Furthermore, we pursued the changes of 
reflection spectra of the CC VCL gel film upon 
stepwise heating from 25 °C.  Figure 4 (A) shows 
the changes in reflection spectrum of CC VCL gel 
film in the temperature range between 25 °C and 
40 °C at the intervals of 5 °C.  From this result, it 
was found that reflection wavelength is blue-shifted 
by heating from 25 °C to 35 °C.  Such a shift of the 

 
Fig. 4. (A) Reflection spectra of the CC VCL gel film 
in the range between 25 °C and 40 °C measured at the 
intervals of 5 °C.  (B) Changes in reflection 
wavelength and diameter of the CC VCL gel film in the 
range between 25 °C and 40 °C.  The film thickness 
was maintained at 300 μm using PTFE spacer during 
the measurement. 
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viewpoint.  In general, the reflection peak of CC 
film stems from the light reflection from the (111) 
plane of face-centered cubic lattice of 
microparticles.  Taking the geometric structure of 
CC in account, the lattice spacing along the (111) 
plane (d111) is theoretically expressed as the 
following equation. 
 

𝑑𝑑𝑑𝑑111 =
𝑎𝑎𝑎𝑎
√3

(1) 

 
where a corresponds to the lattice constant of 
microparticles.  Therefore, the reflection peak 
wavelength (λ) of CCs can be calculated by the 
following equation. 

 

𝜆𝜆𝜆𝜆 =
2𝑎𝑎𝑎𝑎(0.74𝑛𝑛𝑛𝑛𝑃𝑃𝑃𝑃 + 0.26𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵)

√3
(2) 
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is comparable to the swelling degree of CC VCL 
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Furthermore, we pursued the changes of 
reflection spectra of the CC VCL gel film upon 
stepwise heating from 25 °C.  Figure 4 (A) shows 
the changes in reflection spectrum of CC VCL gel 
film in the temperature range between 25 °C and 
40 °C at the intervals of 5 °C.  From this result, it 
was found that reflection wavelength is blue-shifted 
by heating from 25 °C to 35 °C.  Such a shift of the 

 
Fig. 4. (A) Reflection spectra of the CC VCL gel film 
in the range between 25 °C and 40 °C measured at the 
intervals of 5 °C.  (B) Changes in reflection 
wavelength and diameter of the CC VCL gel film in the 
range between 25 °C and 40 °C.  The film thickness 
was maintained at 300 μm using PTFE spacer during 
the measurement. 

Bragg reflection peak can be ascribed to the 
decrease of lattice constant of CCs arisen from the 
shrinkage of VCL hydrogel triggered by heating. 

This is supported by the fact that the Bragg 
reflection wavelength is continuously blue-shifted 
exactly in the same manner to the monotonous 
reductions in diameter of CC VCL gel film, as 
shown in Fig. 4 (B). 

However, the reflection peak thoroughly 
disappeared as heating above 40 °C because the CC 
VCL gel film became whitely-turbid.  This 
behavior might be caused by the aggregation of 
polymer chains due to the shrinkage of VCL 
hydrogel.  On the other hand, this CC VCL gel film 
showed the revival and red-shift of reflection peak 
upon cooling process from 40 °C.  Moreover, we 
observed that the reflection peak wavelength 
observed on cooling process is consistent with the 
that of observed on heating process at the same 
temperature.  In this way, this CC VCL gel film 
can be utilized as a temperature sensor with 
biocompatibility to quantitatively visualize the 
temperature through the reflection colors because 
the reflection peak wavelength is reversibly shifted 
on heating or cooling process. 
 
4. Conclusion 

In this report, we successfully fabricated the 
temperature-responsive CC film of silica micro-
particles with VCL hydrogel by filling the void 
space of CC film with VCL precursor.  After 
exchanging from air to VCL hydrogel in the void 
space, the Bragg reflection peak was red-shifted 
from 475 nm to 640 nm by changes in the refractive 
index contrast as well as increase of lattice constant, 
as supported by the theoretical calculation 
combined with swelling degree of VCL hydrogel. 

Furthermore, we demonstrated the changes in 
reflection color of CC VCL gel film between red 
and green induced by temperature.  The reflection 
color change from red to green happened from the 
decrease of lattice spacing of colloidal particles in 
CC simultaneously with shrinking behavior of VCL 
hydrogel film.  As the future outlook, we will 
attempt the fabrication of VCL gel films with the 
drastic changes of reflection peak in the wide visible 
wavelength range.  The present report provides 
promising clues to fabricate the CC films with the 
temperature-responsive biocompatible hydrogel of 
VCL from the environmental viewpoint.  
Moreover, as the light-emitting dyes are embedded 
in the CC VCL gel films, we anticipate that the low 
threshold laser action is generated by optical 

excitation, arising from the effect of photonic band 
gaps of CC structures [26-28]. 
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  Previously, we have reported on the preparation of hydroxypropyl cellulose (HPC) ether 
derivatives by the Williamson ether synthesis as SN2 reaction.  In this article, we carried out 
the optimization of synthesis conditions to obtain the completely etherified HPC derivatives 
tethering hexyl ethers in the side chains (HPC-HeEt).  By adopting N-methyl-2-
pyrrolidinone (NMP) as a reaction solvent, as-synthesized HPC-HeEt showed high 
substitution degree of hexyl ethers, probably arising from high solubility of NaOH in NMP.  
Moreover, this optimized reaction condition enabled to apply the synthesis of completely 
etherified HPC derivatives with different length of alkyl chains.  These HPC ether 
derivatives showed thermotropic cholesteric liquid crystal (CLC) phase with visible Bragg 
reflection.  As a result, their reflection properties would be stable against humidity due to 
the robust bonding of ether group rather than ester. 
Keywords: Cellulose, Williamson ether synthesis, SN2 reaction, Cholesteric liquid 
crystals, Bragg reflection 

 
 

1. Introduction 
Hydroxypropyl cellulose (HPC) prepared by 

etherifying hydroxy groups of pristine cellulose 
with propylene oxide, as shown Fig. 1.  The HPC 
derivatives are known to exhibit cholesteric liquid 
crystal (CLC) phase in the thermotropic manner 
through the chemical modification with appropriate 
side chains [1-10].  The CLC molecules 
spontaneously form the periodic helicoidal 
assemblages of nematic liquid crystalline layers by 
the intrinsic twisting force of chiral molecules.  
One of the most unique optical properties of CLCs 
is the selective light reflection, which can be 
regarded as a kind of Bragg reflection [11-16].  
The maximum wavelength (λ) and spectral 
bandwidth (∆λ) of reflection peak are numerically 
expressed by the following equations of (1) and (2), 
respectively: 
 

𝜆𝜆𝜆𝜆 = 𝑛𝑛𝑛𝑛 ∙ 𝑝𝑝𝑝𝑝                     (1) 

 

∆𝜆𝜆𝜆𝜆 = ∆𝑛𝑛𝑛𝑛 ∙ 𝑝𝑝𝑝𝑝                     (2) 
 
where n is the average refractive index of CLC, p is 
the helical pitch length, and ∆n is the optical 
anisotropy corresponding to the difference between 
extraordinary and ordinary refractive index [17]. 

Hitherto, numerous reports on the HPC ester 
derivatives have shown thermotropic CLC phase 
with visible reflection characteristic [18].  The 
reflection properties of HPC ester derivatives would 
be vulnerable under highly humid condition due to 
the hydrolysis of ester linkages with water.  This is 
because the ester linkage is easily cleaved due to its 
lower interatomic binding energy.  To overcome 
this drawback for the practical applications, we have 
reported on the preparation of HPC ether derivatives 
by Williamson ether synthesis [19].  Such stable 
ether linkage maintains their reflection properties of 
CLC phase.  However, we have not yet succeeded 
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in the complete etherification of HPC with long 
alkyl chains.  Moreover, the reflection peak 
wavelengths of HPC ester derivatives are 
remarkably affected by the degree of substitution, 
i.e. the amount of remaining hydroxyl groups of 
HPC ester derivatives [20].  This tendency might 
be also observed for the HPC ether derivatives.  
Therefore, it is necessary to optimize the synthetic 
conditions for the complete etherification of HPC 
with alkyl side chains. 

In this report, we optimized the synthesis 
conditions to proceed the complete etherification of 
HPC with hexyl ether groups in the side chains 
(HPC-HeEt), as presented in Fig. 1.  We found that 
the combination of N-methyl-2-pyrrolidinone 
(NMP) as a solvent and NaOH as a base ensures us 
to synthesize HPC ether derivatives with high 
substitution degree.  Also, it was confirmed that 
this reaction condition can be applied to the 
synthesis of other HPC ether derivatives with 
different length of alkyl chains. 
 
2. Experimental 
2.1. Synthesis of HPC hexyl ether derivative (HPC-
HeEt) 

We used commercially available HPC 
(FUJIFILM Wako Pure Chemical Co.; Viscosity of 
2.0 wt% aqueous solution, 2.0~2.9 mPa·s) as the 
starting material.  HPC was dried in vacuo 
overnight prior to use.  When we measured 1H-
NMR spectrum of this pristine HPC in CDCl3, the 
molar amount of chemically combined propylene 
oxide per anhydroglucose unit, i.e., the molar 
substitution (MS), was found to be 3.98.  The MS 
value denotes the sum of x, y, and z in the Fig. 1.  
Therefore, the average molecular weight per 

anhydroglucose unit can be calculated to be 394 in 
g/mol.  Subsequently, we analyzed the changes in 
1H-NMR spectrum of HPC during titration with 
trichloroacetyl isocyanate.  From the 1H-NMR 
spectral changes, the number of hydroxy groups 
substituted per anhydroglucose unit, i.e., the degree 
of substitution (DS), was estimated to be 2.40 
according to the previous report [21]. 

We prepared HPC hexyl ether derivatives by the 
Williamson ether synthesis in different conditions, 
as compiled in Table 1.  Here, the synthesis 
procedure of HPC-HeEt as an example is described 
as follows. 

5.00 g of HPC was completely dissolved in 80.0 
mL of dry N,N-dimethylformamide (DMF), and was 
subsequently added by 26.5 mL of 1-bromohexane 
(HeBr; 5.00 eq. to hydroxy groups of HPC).  After 
stirring for 30 min at 65 ºC, 7.60 g of powdered 
NaOH (5.00 eq to hydroxy groups of HPC) and 1.58 
g of KI (5.00 mol% to alkyl bromide) were added.  
After that, this reaction mixture was stirred at 65 ºC 
for 48 h [19].  Subsequently, the reaction mixture 
was concentrated by evaporating the solvent, and 
poured into an excess of water.  The impurities 
such as NaBr, unreacted NaOH, and 1-
bromohexane were removed through repeated 
cycles of reprecipitation from tetrahydrofuran to 
water.  Finally, the product was dried in vacuo at 
room temperature overnight to obtain the purified 
HPC-HeEt. 
 
2.2. Fabrication of CLC cells 

To fabricate CLC cells, HPC derivatives were 
sandwiched between the pair of two glass substrates.  
The cell gap was adjusted by polytetrafluoro-
ethylene film spacers of with the thickness of ca. 
200 µm. 

 
Fig. 1. Chemical structures of hydroxypropyl cellulose 
(HPC) and its derivative tethering hexyl ethers in the 
side chains. 

Table 1. Synthesis conditions of HPC ether derivatives 
and their etherification degrees. 

Entry Solvent Base 
(Amount) 

Alkyl 
bromide 

Etherification 
degree 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

DMF 
DMF 
DMF 
NMP 

DMSO 
NMP 
NMP 
NMP 
NMP 
NMP 
NMP 
NMP 

NaOH (5 eq.) 
K2CO3 (5 eq.) 
NaH (3 eq.) 

NaOH (5 eq.) 
NaOH (5 eq.) 
K2CO3 (5 eq.) 
NaH (3 eq.) 
KOH (5 eq.) 

NaOH (3 eq.) 
NaOH (5 eq.) 
NaOH (5 eq.) 
NaOH (5 eq.) 

HeBr 
HeBr 
HeBr 
HeBr 
HeBr 
HeBr 
HeBr 
HeBr 
HeBr 
PeBr 
BuBr 
PrBr 

1.85 
n.r. 
n.r. 

2.84 
2.32 
n.r. 
n.r. 

1.89 
2.28 
3.00 
3.00 
3.00 
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HeBr 
HeBr 
HeBr 
HeBr 
HeBr 
PeBr 
BuBr 
PrBr 

1.85 
n.r. 
n.r. 

2.84 
2.32 
n.r. 
n.r. 

1.89 
2.28 
3.00 
3.00 
3.00 

 

2.3. The measurement of transmission spectra of 
CLC cells 

Transmission spectra of the CLC cell were 
acquired by a compact CCD spectrometer (Ocean 
Optics, USB2000+) equipped with a collimated 
white light from a halogen light source (Ocean 
Optics, HL-2000).  To evaluate the temperature 
dependences of reflection peak wavelengths of HPC 
ether derivatives, the temperature of CLC cell was 
precisely controlled by a hot stage system (Mettler-
Toledo, HS82 & HS1). 

 
3. Results and discussion 
3.1. Estimation procedure for the etherification 
degree of HPC- HeEt by 1H-NMR spectrum 

Figure 2 shows the representative experimental 
result of 1H-NMR spectrum of HPC-HeEt.  The 
proton peaks around 0.8 ppm is assigned as the 
signals “a” corresponding to the terminal methyl 
groups in the inset of Fig. 2.  In this study, the 
etherification degree of hexyl groups (Hee) was 
expressed by the following equation: 

 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =
𝐴𝐴𝐴𝐴(7 + 6𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

3 − 13𝐴𝐴𝐴𝐴
                     (3) 

 
where A is the integrated value of the signal peak “a” 
and W is the sum of the integrated values of all of 
protons in HPC-HeEt.  As mentioned in the 
Experimental Section, we adopted the MS value of 
3.98.  It should be noted that the maximum of Hee 
is three as HPC monomer unit has three hydroxyl 
groups in its side chains.  Additionally, FT-IR 
spectrum measurements before and after the 
Williamson ether synthesis were conducted to 
confirm the etherification of hydroxyl groups of 
HPC by checking the peak intensity of a broad peak 

at approximately 3500 cm−1 assigned to the 
stretching vibration of hydroxyl groups of pristine 
HPC.  For instance, when the hydroxyl groups of 
HPC were completely etherified with hexyl ether 
side chains, the peak around 3500 cm−1 by 
stretching vibration of hydroxyl group thoroughly 
disappeared. 
 
3.2. Conventional synthesis of HPC hexyl ether 
derivative (HPC-HeEt) 

As a conventional synthesis, the Williamson ether 
synthesis proceeded in DMF in the presence of 
NaOH (Entry 1 in Table 1).  As the product was 
analyzed by 1H-NMR spectrum, the etherification 
degree of hexyl groups (Hee) was calculated to be 
1.85 according to Eq. (3).  This Hee value means 
that only 61.7% (1.85/3.00) of hydroxyl groups of 
HPC were etherified with hexyl bromide after the 
synthesis of HPC-HeEt.  To prepare the 
completely etherified HPC derivative, we attempted 
the optimization of synthesis conditions of HPC 
ether derivatives in the following section. 
 
3.3. Optimization of synthesis conditions of HPC 
ether derivatives 

We carried out the syntheses of HPC ether 
derivatives by changing the reaction conditions 
such as solvent or base, as listed in Table 1. 

First, we synthesized the HPC ether derivatives 
using three kinds of bases such as K2CO3, NaOH, 
and NaH.  Herein, all of the solvent was DMF 
(Entries 1~3 in Table 1).  When K2CO3 was 
adopted as a base, specified product was not 
obtained.  This can be ascribed to the low 
solubility of K2CO3 in DMF.  When NaH was used, 
viscous product precipitated immediately as gentle 
adding NaH into the reaction solution.  The 
viscous products can be considered as an ionic 

 
Fig. 2. 1H-NMR spectrum of HPC-HeEt in CDCl3 with tetramethylsilane as the internal standard.  
The inset shows the chemical structure of HPC-HeEt and its peak assignment in the NMR spectrum. 
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species formed by deprotonation of hydroxyl 
groups in HPC.  Such ionic species cannot be 
dissolved in DMF.  Therefore, the precipitations 
appeared in the reaction solution.  From this result, 
we considered that the complete etherification of 
HPC is impeded by the precipitations of ionic 
species. 

Secondly, we examined the effect of solvent on 
the etherification of HPC.  Since the Williamson 
ether synthesis is regarded as the SN2 reaction, the 
solvents with high polarity are known to promote 
the reaction.  In this study, we used N-methyl-2-
pyrrolidinone (NMP) and dimethylsulfoxide 
(DMSO) which would show higher solubility rather 
than DMF (Entries 4 and 5 in Table 1).  In both 
cases, although we carried out the etherification of 
HPC in the same procedure, the reaction solutions 
were purified by the dialysis.  When NMP was 
used, we obtained the product of HPC-HeEt whose 
Hee value was relatively high as 2.84.  This Hee 
value was adequately high, as compared with that of 
synthesized using DMF as a solvent (Hee=1.85; 
Entry 1 in Table 1). 

Figure 3 shows the comparison of FT-IR spectra 
of HPC-HeEt synthesized by using DMF and NMP 
as solvent.  As is evident from this figure, there is 
difference in the peak intensity around 3500 cm−1, 
which is assigned to the stretching vibration of 
hydroxyl groups, as mentioned above.  This peak 
intensity was much smaller than that of synthesized 
using DMF, indicating that HPC-HeEt synthesized 
in NMP show higher Hee value rather than that 
synthesized in DMF.  This result can be also 
explained from the difference of solubilities of 
NaOH.  We confirmed that NMP can dissolve 
large amounts of NaOH while DMF cannot dissolve 
NaOH.  Such a difference of solubility may 
enhance the reactivity as well as Hee value of HPC-
HeEt.  Additionally, when we used DMSO as a 

solvent, the solid product precipitated in the reaction 
solution and the Hee value was 2.32.  This solid 
product can also be considered as an ionic species 
formed by deprotonation of hydroxyl groups in 
HPC, thereby impeding the complete etherification 
of HPC.  From these results, we concluded that 
NMP is the most appropriate solvent for the 
etherification of HPC. 

Thirdly, we changed the bases while using NMP 
as a solvent (Entries 6 and 7 in Table 1).  
Consequently, the same results were obtained when 
we used K2CO3 and NaH in DMF.  Accordingly, 
the synthesis condition with combination of NMP 
and NaOH would be the best for synthesized HPC-
HeEt with high Hee values. 

Finally, we attempted to further optimize the 
reaction condition to synthesize HPC-HeEt (Entries 
8 and 9 in Table 1).  When we used KOH as a base, 
Hee value of product was estimated to be 1.89.  It 
can be ascribed that deprotonation of hydroxyl 
groups in HPC is prevented by common ion effect 
caused by the addition of KI.  When we decreased 
the amount of NaOH from 5.0 eq. to 3.0 eq., Hee 
value also decreased from 2.84 to 2.28 (Entries 4 
and 9, Table 1).  This is also attributed to the lower 
deprotonation speed by reducing the amount of base.  
Consequently, it was concluded that the synthesis 
using NMP and 5.0 eq. of NaOH was an ideal 
condition for synthesizing HPC-HeEt with high Hee 
values. 

To show the versatility of this reaction condition, 
we synthesized a series of HPC ether derivatives 
with pentyl (HPC-PeEt), butyl (HPC-BuEt), and 
propyl ether side chains (HPC-PrEt) on the same 
conditions (Entries 10, 11, and 12 in Table 1).  As 
a result, we successfully synthesized the completely 
etherified HPC derivatives.  In all the cases, we 
confirmed that the Hee values reach 3.00 at the 
maximum estimated from 1H-NMR spectra.  

 

Fig. 3. Comparison of FT-IR spectra of HPC-HeEt 
synthesized by using DMF (Gray curve) and NMP 
(Black curve) as a reaction solvent. 

 
Fig. 4. Transmission spectral changes of the CLC cell 
of HPC-HeEt with Hee value of 2.84 as a function of 
temperature from 30 ºC to 90 ºC. 
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species formed by deprotonation of hydroxyl 
groups in HPC.  Such ionic species cannot be 
dissolved in DMF.  Therefore, the precipitations 
appeared in the reaction solution.  From this result, 
we considered that the complete etherification of 
HPC is impeded by the precipitations of ionic 
species. 

Secondly, we examined the effect of solvent on 
the etherification of HPC.  Since the Williamson 
ether synthesis is regarded as the SN2 reaction, the 
solvents with high polarity are known to promote 
the reaction.  In this study, we used N-methyl-2-
pyrrolidinone (NMP) and dimethylsulfoxide 
(DMSO) which would show higher solubility rather 
than DMF (Entries 4 and 5 in Table 1).  In both 
cases, although we carried out the etherification of 
HPC in the same procedure, the reaction solutions 
were purified by the dialysis.  When NMP was 
used, we obtained the product of HPC-HeEt whose 
Hee value was relatively high as 2.84.  This Hee 
value was adequately high, as compared with that of 
synthesized using DMF as a solvent (Hee=1.85; 
Entry 1 in Table 1). 

Figure 3 shows the comparison of FT-IR spectra 
of HPC-HeEt synthesized by using DMF and NMP 
as solvent.  As is evident from this figure, there is 
difference in the peak intensity around 3500 cm−1, 
which is assigned to the stretching vibration of 
hydroxyl groups, as mentioned above.  This peak 
intensity was much smaller than that of synthesized 
using DMF, indicating that HPC-HeEt synthesized 
in NMP show higher Hee value rather than that 
synthesized in DMF.  This result can be also 
explained from the difference of solubilities of 
NaOH.  We confirmed that NMP can dissolve 
large amounts of NaOH while DMF cannot dissolve 
NaOH.  Such a difference of solubility may 
enhance the reactivity as well as Hee value of HPC-
HeEt.  Additionally, when we used DMSO as a 

solvent, the solid product precipitated in the reaction 
solution and the Hee value was 2.32.  This solid 
product can also be considered as an ionic species 
formed by deprotonation of hydroxyl groups in 
HPC, thereby impeding the complete etherification 
of HPC.  From these results, we concluded that 
NMP is the most appropriate solvent for the 
etherification of HPC. 

Thirdly, we changed the bases while using NMP 
as a solvent (Entries 6 and 7 in Table 1).  
Consequently, the same results were obtained when 
we used K2CO3 and NaH in DMF.  Accordingly, 
the synthesis condition with combination of NMP 
and NaOH would be the best for synthesized HPC-
HeEt with high Hee values. 

Finally, we attempted to further optimize the 
reaction condition to synthesize HPC-HeEt (Entries 
8 and 9 in Table 1).  When we used KOH as a base, 
Hee value of product was estimated to be 1.89.  It 
can be ascribed that deprotonation of hydroxyl 
groups in HPC is prevented by common ion effect 
caused by the addition of KI.  When we decreased 
the amount of NaOH from 5.0 eq. to 3.0 eq., Hee 
value also decreased from 2.84 to 2.28 (Entries 4 
and 9, Table 1).  This is also attributed to the lower 
deprotonation speed by reducing the amount of base.  
Consequently, it was concluded that the synthesis 
using NMP and 5.0 eq. of NaOH was an ideal 
condition for synthesizing HPC-HeEt with high Hee 
values. 

To show the versatility of this reaction condition, 
we synthesized a series of HPC ether derivatives 
with pentyl (HPC-PeEt), butyl (HPC-BuEt), and 
propyl ether side chains (HPC-PrEt) on the same 
conditions (Entries 10, 11, and 12 in Table 1).  As 
a result, we successfully synthesized the completely 
etherified HPC derivatives.  In all the cases, we 
confirmed that the Hee values reach 3.00 at the 
maximum estimated from 1H-NMR spectra.  

 

Fig. 3. Comparison of FT-IR spectra of HPC-HeEt 
synthesized by using DMF (Gray curve) and NMP 
(Black curve) as a reaction solvent. 

 
Fig. 4. Transmission spectral changes of the CLC cell 
of HPC-HeEt with Hee value of 2.84 as a function of 
temperature from 30 ºC to 90 ºC. 

Furthermore, the complete etherification of HPC is 
supported by the disappearance of peak at 
approximately 3500 cm−1 in the FT-IR spectra. 

 
3.4. Reflection properties of thermotropic CLCs of 
HPC ether derivatives 

Figure 4 shows the changes in transmission 
spectrum of a CLC cell of HPC-HeEt with the Hee 
value of 2.84 upon heating process.  At 30 ºC, a 
reflection peak around 590 nm was confirmed as red 
reflection color.  When this CLC cell was heated 
from 30 ºC in stepwise manner, the reflection peak 
continuously shifted to longer wavelength, arising 
from the thermally induced expansion of the CLC 
helical pitch length.  As heated at 90 ºC, the 
reflection peak reached 850 nm, corresponding to 
the near infrared wavelength range.  In addition, 
when the CLC cell of HPC-HeEt was heated over 
100 ºC, the reflection band thoroughly disappeared.  
To confirm the disappearance of reflection peak, we 
observed the optical texture of CLC cell of HPC-
HeEt by using a polarized optical microscope upon 
heating process.  As a result, we revealed the 
transition from CLC to isotropic phase heated 
around 105 ºC.  This result implies that the 
disappearance of reflection peak is attributed to the 
thermally induced phase transition from CLC to 
isotropic phase. 

Finally, we evaluated the temperature 
dependences of Bragg reflection wavelengths of 
HPC ether derivatives.  Figure 5 compiles the 
Bragg reflection wavelengths plotted against the 
temperature for a series of HPC ether derivatives 
synthesized in this study, i.e., HPC-HeEt, HPC-PeEt, 

HPC-BuEt, and HPC-PrEt.  In all HPC derivatives, 
the reflection peaks appeared at longer wavelengths 
at same temperature as the alkyl chain was longer.  
This is because the helical pitch of CLC phase is 
longer as alkyl groups are longer. 
 
4. Conclusion 

In this study, we succeeded in the synthesis of 
HPC hexyl ether derivatives with a high substitution 
degree through the Williamson ether synthesis by 
using NMP which was higher solubility of NaOH 
than DMF.  Moreover, by adopting NMP as a 
solvent, we prepared the completely etherified HPC 
derivatives with pentyl, butyl, and propyl ether 
groups in the side chains.  Furthermore, we 
confirmed that such HPC derivatives show 
thermotropic CLC phase with visible reflection 
properties.  We believe that the completely 
etherified HPC derivatives exhibit stable reflection 
properties because of chemical stability of ether 
linkage under highly humid condition, thereby 
leading to the technological applications to full 
color HPC materials. 
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In this study, we synthesized the glucose-responsive hydrogel microparticles containing 
phenylboronic acid units by emulsion polymerization.  The diameters of hydrogel 
microparticles could be controlled in the range between 133 nm and 199 nm by changing the 
surfactant concentration in emulsion polymerization.  As-prepared hydrogel microparticles 
showed the coefficient of variation with approximately 10% in particle diameter regardless 
of the difference particle diameters, implying the relative monodispersity of microparticles.  
When glucose was added to the aqueous suspensions of hydrogel microparticles, the visible 
Bragg reflection visually appeared under alkaline conditions due to the formation of colloidal 
crystals caused by the increase of particle diameter triggered by the binding of glucose to the 
particles.  Since the critical glucose concentrations to show a visible Bragg reflection were 
dependent on the concentration or diameter of microparticles, these hydrogel microparticles 
can be applied to the diabetic detectors and sugar sensors. 
Keywords: Colloidal crystal, Bragg reflection, Hydrogel, Microparticle, Phenylboronic 
acid, Glucose   

 
 

1. Introduction 
Colloidal crystals (CCs) are three-dimensional 

periodic arrays of monodispersed particles [1-4].  
Such CCs are regarded as one of the 3D photonic 
crystals, and exhibit the light reflection in 
accordance with Bragg’s equation [5-6].  The 
wavelength of Bragg reflection peak (λ) is 
expressed by the following equation: 
 

λ = 2nd sin θ (1) 

where n corresponds to the refractive index, d is the 
diameter of colloidal microparticles, and θ  is the 
Bragg diffraction angle [7]. 

In general, the outermost surface of 
microparticles in CCs is negatively charged by 
dissociation of hydroxyl groups in water.  Since 
the counterions are assembled on the surface and 
exist around microparticles, the negative and 
positive electron cloud is called the electric double-
layer [2,8].  Electric repulsion is raised between 

 
Fig. 1. Equilibrium reactions of a phenylboronic acid derivative under alkaline conditions. 
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the adjacent electric double-layers so that the 
microparticles can’t move which enables the 
formation of CCs with a constant distance. 

Recently, CCs which change their colors with 
external stimuli have been attracting great interests 
as their versatile applications to sensors, displays, 
and so forth.  For example, thermosensitive 
microparticles can be used as temperature sensors 
[9], ion-responsive microparticles provide the 
applications to ion sensors [10], glucose-responsive 
microparticles give impetus to construct a self-
regulating insulin-delivery system [11]. 

Especially, the development of glucose-
responsive microparticles would give great impetus 
for the treatment of diabetes, a life-threatening 
disease showing nowadays an increased number of 
patients [11].  Previously, phenylboronic acid is 
one of the well-known compounds applied to 
glucose sensors [12-16].  As presented in Fig. 1, 
phenylboronic acid derivatives exist in equilibrium 
reactions between the uncharged and the charged 
forms in water [11,17,18].  However, the 
uncharged form with glucose is unstable in water 
because of its high susceptibility to hydrolysis [11].  
On the other hand, when alkaline condition leads to 
the complex between charged phenylboronic acid 
and negatively charged glucose, the increase of 
glucose concentration can make stable the complex 
with glucose and phenylboronic acids through a 
reversible covalent bonding.  The further addition 
of glucose induces a shift in the equilibrium to the 
direction of increasing the charged forms [19].  
For instance, when such phenylboronic acid 
derivatives are chemically embedded in polymer 
hydrogels, the osmotic pressure is occurred by the 
increase of charged forms, resulting in the swelling 
of polymer hydrogels [11,13,18,19]. 

In this study, we synthesized the glucose-
responsive swelling hydrogel microparticles which 
incorporate the phenylboronic acid units into 
poly(N-isopropylacrylamide) gel.  The aqueous 
suspensions of microparticles formed the CCs with 
visible Bragg reflection in the presence of glucose.  
We found appropriate concentrations of hydrogel 
microparticles and glucose for the appearance of 
Bragg reflection.  As a result, Bragg reflection 
emerged by the increase of glucose concentration. 
 
2. Experimental 
2.1. Materials 

N-Isopropylacrylamide (NIPA), N,N’-
methylenebisacrylamide (BIS), sodium dodecyl 
sulfate (SDS), potassium peroxodisulfate (KPS), 

and α-glucose were purchased from FUJIFILM 
Wako Pure Chemical Co., and N-cyclohexylamino-
ethanesulfonic acid (CHES) was obtained from 
Tokyo Chemical Industry Co. Ltd.  3-Acrylamido-
phenylboronic acid (AAPBA) was supplied from 
either Tokyo Chemical Industry Co. Ltd. or Combi-
Blocks, Inc. 
 
2.2. Synthesis of NIPA-AAPBA hydrogel 
microparticles 

Aqueous suspensions of NIPA-AAPBA hydrogel 
microparticles were synthesized by emulsion 
polymerization of NIPA, AAPBA and BIS as 
hydrogel precursors, KPS as a thermal 
polymerization initiator, and SDS as a surfactant.  
The diameters of microparticles were controlled by 
changing the SDS concentrations, as shown in Table 
1.  For example, the suspension of hydrogel 
microparticles with the diameter of 133 nm were 
synthesized as follows. 

AAPBA (0.58 g, 4.7 mmol), NIPA (3.1 g, 27 
mmol), BIS (0.23 g, 1.5 mmol), and SDS (0.15 g, 
0.52 mmol) were dissolved in ultrapure water (200 
mL) in a 300 mL three-neck separable flask.  This 
solution was mixed for 30 min and purged with 
nitrogen gas to exclude oxygen.  Subsequently, the 
mixture was heated to 70 °C and stirred for 
additional 30 min.  After that, a solution of KPS 
(63 mg; 0.23 mmol) in ultrapure water (6.2 mL) was 
added into the mixture with a syringe pump.  The 
emulsion polymerization proceeded for 4 h [20].  
Finally, the polymerization was stopped by 
exposing the mixture to the air and gentle cooling to 
room temperature. 

The aqueous suspensions of hydrogel 
microparticles were obtained by two cycles of 
filtration through membrane filters with the pore 
sizes of 1.0 µm and 0.45 µm, and three cycles of 
centrifugation with 4.0 × 105 rpm for 30 min.  
After dispersing in ultrapure water again, the 
suspensions were deionized by stirring for 
overnight in the presence of 10 wt% of ion exchange 
resin beads to remove the remaining ionic species. 

 
2.3. Measurement of diameter of hydrogel 
microparticles 

The diameter and coefficient of variation (CV) 
value of hydrogel microparticles at 25 °C were 
determined by the particle size analytic technique 
with dynamic light scattering (DLS) (Nanotrac UPA, 
Microtrac).  Here, the CV value was defined as the 
ratio of the standard deviation of particle diameters 
to the average particle diameter.  To adjust pH of 
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the adjacent electric double-layers so that the 
microparticles can’t move which enables the 
formation of CCs with a constant distance. 

Recently, CCs which change their colors with 
external stimuli have been attracting great interests 
as their versatile applications to sensors, displays, 
and so forth.  For example, thermosensitive 
microparticles can be used as temperature sensors 
[9], ion-responsive microparticles provide the 
applications to ion sensors [10], glucose-responsive 
microparticles give impetus to construct a self-
regulating insulin-delivery system [11]. 

Especially, the development of glucose-
responsive microparticles would give great impetus 
for the treatment of diabetes, a life-threatening 
disease showing nowadays an increased number of 
patients [11].  Previously, phenylboronic acid is 
one of the well-known compounds applied to 
glucose sensors [12-16].  As presented in Fig. 1, 
phenylboronic acid derivatives exist in equilibrium 
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forms in water [11,17,18].  However, the 
uncharged form with glucose is unstable in water 
because of its high susceptibility to hydrolysis [11].  
On the other hand, when alkaline condition leads to 
the complex between charged phenylboronic acid 
and negatively charged glucose, the increase of 
glucose concentration can make stable the complex 
with glucose and phenylboronic acids through a 
reversible covalent bonding.  The further addition 
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For instance, when such phenylboronic acid 
derivatives are chemically embedded in polymer 
hydrogels, the osmotic pressure is occurred by the 
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In this study, we synthesized the glucose-
responsive swelling hydrogel microparticles which 
incorporate the phenylboronic acid units into 
poly(N-isopropylacrylamide) gel.  The aqueous 
suspensions of microparticles formed the CCs with 
visible Bragg reflection in the presence of glucose.  
We found appropriate concentrations of hydrogel 
microparticles and glucose for the appearance of 
Bragg reflection.  As a result, Bragg reflection 
emerged by the increase of glucose concentration. 
 
2. Experimental 
2.1. Materials 

N-Isopropylacrylamide (NIPA), N,N’-
methylenebisacrylamide (BIS), sodium dodecyl 
sulfate (SDS), potassium peroxodisulfate (KPS), 

and α-glucose were purchased from FUJIFILM 
Wako Pure Chemical Co., and N-cyclohexylamino-
ethanesulfonic acid (CHES) was obtained from 
Tokyo Chemical Industry Co. Ltd.  3-Acrylamido-
phenylboronic acid (AAPBA) was supplied from 
either Tokyo Chemical Industry Co. Ltd. or Combi-
Blocks, Inc. 
 
2.2. Synthesis of NIPA-AAPBA hydrogel 
microparticles 

Aqueous suspensions of NIPA-AAPBA hydrogel 
microparticles were synthesized by emulsion 
polymerization of NIPA, AAPBA and BIS as 
hydrogel precursors, KPS as a thermal 
polymerization initiator, and SDS as a surfactant.  
The diameters of microparticles were controlled by 
changing the SDS concentrations, as shown in Table 
1.  For example, the suspension of hydrogel 
microparticles with the diameter of 133 nm were 
synthesized as follows. 
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mixture was heated to 70 °C and stirred for 
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added into the mixture with a syringe pump.  The 
emulsion polymerization proceeded for 4 h [20].  
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room temperature. 

The aqueous suspensions of hydrogel 
microparticles were obtained by two cycles of 
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centrifugation with 4.0 × 105 rpm for 30 min.  
After dispersing in ultrapure water again, the 
suspensions were deionized by stirring for 
overnight in the presence of 10 wt% of ion exchange 
resin beads to remove the remaining ionic species. 

 
2.3. Measurement of diameter of hydrogel 
microparticles 

The diameter and coefficient of variation (CV) 
value of hydrogel microparticles at 25 °C were 
determined by the particle size analytic technique 
with dynamic light scattering (DLS) (Nanotrac UPA, 
Microtrac).  Here, the CV value was defined as the 
ratio of the standard deviation of particle diameters 
to the average particle diameter.  To adjust pH of 

aqueous suspension, a solution of CHES was used 
as a buffer. 
 
2.4. Reflection spectral measurement of hydrogel 
microparticles 

The reflection spectra were measured using a 
CCD spectrometer (USB2000+, Ocean Optics) 
equipped with a halogen light source (HL-2000, 
Ocean Optics) as the probing white light. 
 
3. Results and discussion 
3.1. Synthesis of NIPA-AAPBA hydrogel 
microparticles 

The NIPA-AAPBA hydrogel microparticles with 
different diameters were prepared by the emulsion 
polymerization.  The diameter of hydrogel 
microparticles was controllable by changing the 
amounts of SDS and average diameters of 
microparticles are shown in the left-side and middle 
columns of Table 1, respectively.  The CV values 
of microparticles are also summarized in the right-
side column of Table 1. 

The average diameter of hydrogel microparticles 
was 133 nm when synthesized with 0.15 g of SDS.  
With decreasing the amount of SDS to 0.08 g and to 
0.04 g, the average diameters increased to 170 nm 
and 199 nm, respectively.  The decrease of particle 
diameter can be explained from the decrease of 
micelle diameter in emulsion polymerization 
process caused by the increase of the number of 
micelles triggered by the increase of SDS 
concentration. 

The CV value of each hydrogel microparticles 
was approximately 10% regardless of diameter, 
indicative of the successful preparation of relative 
monodispersity of microparticles.  It can be 
assumed that such a monodispersity of hydrogel 
microparticle enables the formation of well-ordered 
CC structures with Bragg reflection. 

 
3.2. Measurement of swelling degree of hydrogel 
microparticles 

Swelling degree of hydrogel microparticles was 
dependent on pH in the aqueous suspension.  In 
this time, the swelling degree was defined as the 
ratio of hydrogel microparticle diameter at specific 

pH to that of at pH 7.5, as shown in Fig. 2 (A).  The 
swelling degree of hydrogel microparticles was 
constant at 1.0 in the pH range of 7.5 to 8.0.  
However, in the pH range of 8.0 to 9.0, the swelling 
degree of hydrogel microparticles immediately 
increased to approximately 1.4.  This swelling 
degree was maintained at 1.4 over pH values of 9.0.  
Such an increase of swelling degree can be 
explained as follows.  Since the hydrogel 
microparticles are negatively charged under 
alkaline conditions, the electrostatic repulsion force 
makes the polymer network in the hydrogel 
microparticles to expand.  The swelling of 
hydrogel microparticles occurs to balance the 
osmotic pressure caused by the expansion of 
polymer network.  From the results, we carried out 
the following experiments of suspension prepared at 
pH of 9.0. 

Next, the dependance of swelling degree of 
hydrogel microparticles and glucose concentration 
were evaluated, as shown in Fig. 2 (B).  With the 
increase of glucose concentration, the swelling 
degree of hydrogel microparticles continued to 

Table 1.  Average diameters and CV values of NIPA-
AAPBA hydrogel microparticles by the amounts of 
SDS used in emulsion polymerization. 

SDS (g) Average diameter (nm) CV in diameter 
(%) 

0.15 133 10.2 
0.08 170 11.3 
0.04 199 10.3 

 

Fig. 2. (A) Changes in the swelling degree of 133 nm-
diameter hydrogel microparticles tethering 
phenylboronic acid units as a function of pH value.  
The glucose concentration was fixed at 25 mM.  (B) 
Changes in the swelling degree of 133 nm-diameter 
hydrogel microparticles tethering phenylboronic acid 
units at pH value of 9.0 under various glucose 
concentration. 
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increase due to the binding of glucose.  On the 
other hand, the swelling degree became constant at 
approximately 1.3 when the glucose concentration 
was higher than 20 mM, suggesting the existence of 
an equilibrium.  This is reasonable since the 
equilibrium moves to the direction of increasing the 
proportion of hydrogel microparticles without 
glucose as increasing the concentration of glucose. 
 
3.3. Emergence of Bragg reflection of hydrogel 
microparticle suspensions 

Figure 3 shows the changes in reflection 
spectrum of aqueous suspensions of hydrogel 
microparticles with the diameter of 133 nm as a 
function of the glucose concentration of 0 mM, 1.0 
mM, and 2.0 mM.  We could not observe Bragg 
reflection when the suspension containing the 
glucose concentration with 1.0 mM or in the 
absence of glucose.  This can be attributed to the 
overlapping of electric double layers, which prevent 
the CC formation in suspension caused by the 
relatively small diameter of microparticles, 
accompanied by the increase of particle distance.  
However, Bragg reflection appeared by addition of 
glucose with the concentration of 2.0 mM.  It can 
be assumed that hydrogel microparticles swell 
under relatively high concentrations of glucose.  
Consequently, the increase of microparticle 
diameter leads to the formation of CC structures 
with visible Bragg reflection.  Taking these 
experimental results in account, the hydrogel 
microparticles can form the CCs with visible Bragg 
reflection depending on the glucose concentration. 

Finally, we evaluated the appropriate 
concentrations of hydrogel microparticles with 
various diameters for the detection of glucose 
concentrations visualized by the emergence of 

Bragg reflection.  The experimental results by 
using microparticles with the diameters of 133 nm, 
170 nm and 199 nm are compiled in Fig. 4.  The 
emergence of Bragg reflection was dependent on 
the concentrations and dimeter of hydrogel 
microparticles. 

First, we pursued the concentration of hydrogel 
microparticles for the glucose detection.  As used 
the hydrogel microparticles with diameter of 133 
nm, the maximum microparticle concentration 
where Bragg reflection emerged was 8 wt%.  As 
increasing the diameters of hydrogel microparticles 
to 170 nm and 199 nm, the maximum microparticle 
concentrations for the emergence of Bragg 
reflection were increased to 9 wt% and 11 wt%, 
respectively.  This can be ascribed to the 
overlapping of electric double layers caused by the 
increase of microparticle diameter, which enabled 
the formation of CCs with Bragg reflection. 

Next, the emergence of Bragg reflection under 
various concentrations of hydrogel microparticles 
was investigated.  In the case of the microparticles 
with diameter of 133 nm, when the microparticle 
concentration was decreased from 8 wt% to 6 wt%, 
the glucose concentration needed to emerge Bragg 
reflection was increased from 0 wt% to 8 wt%.  
This tendency was consistent with two other 
hydrogel microparticle systems with different 
diameters such as 170 nm and 199 nm.  These 
results suggest that the microparticle distance 
becomes short when the concentration of hydrogel 
microparticles is increased.  In this way, low 
concentration of glucose can be visually detected by 
the emergence of Bragg reflection. 

 
Fig. 4. Concentrations and diameters of hydrogel 
microparticles for the detection of glucose 
concentrations visualized by the emergence of Bragg 
reflection.  In this study, three kinds of the suspensions 
of microparticles with the diameters of 133 nm 
(Circles), 170 nm (Triangles), and 199 nm (Squares) 
were used. 

 

Fig. 3. Reflection spectra of the aqueous suspension of 
hydrogel microparticle with the diameter of 133 nm at 
the glucose concentrations of 0 mM (Spectrum a), 1.0 
mM (Spectrum b), and 2.0 mM (Spectrum c). 
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Fig. 3. Reflection spectra of the aqueous suspension of 
hydrogel microparticle with the diameter of 133 nm at 
the glucose concentrations of 0 mM (Spectrum a), 1.0 
mM (Spectrum b), and 2.0 mM (Spectrum c). 

4. Conclusions 
In this study, we have developed the 

microparticles of NIPA-AAPBA hydrogel with the 
diameters of 133 nm, 170 nm, and 199 nm.  In the 
aqueous suspensions, the swelling degree of 
hydrogel microparticles is governed by not only pH 
value, but also glucose concentration.  As 
adjusting the pH value over 9.0, Bragg reflection 
emerged by the increase of glucose concentration.  
Furthermore, the critical glucose concentration for 
the emergence of Bragg reflection can be controlled 
by changing the microparticle concentration or 
diameter.  The present report provides novel 
guideline to fabricate the diabetic detectors and 
sugar sensors. 
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  The reaction of atomic hydrogen with polymer materials was investigated from the change 
in the surface morphology of various plastic substrates. The atomic hydrogens were 
genareted by decomposition of H2 gas on a heated tungsten mesh. We call the surface-
tretament as atomic hydrogen annealing (AHA). The surface morphology was changed by 
chemical reaction of atomic hydrogen and thermal effect. As the AHA treatment time was 
incresed, the surface projection was became larger. It is considered that the surface projection 
formation occurred by the enhancement of etching and shrinkage effects due to local heating.  
Keywords: Atomic hydrogen annealing, Surface modification, Plastic substrate 

 
 

1. Introduction 
Polymer materials are cheap, light and flexible.  

Such materials are expected for use as substrates for 
flexible sensors. In addition, to improve the surface 
property of polymer materials, namely, adhesion, 
wettability, the surface modification has been 
investigated by various surface treatment. On the 
other hand, it is necessary to clarify the interaction 
between polymer material and hydrogen for 
realization of hydrogen society. The clarification of 
the reaction between hydrogen and polymer 
materials is an important issue for sustainable 
society using hydrogen energy and sensing network 
system. 

Atomic hydrogens, in other words, hydrogen 
radicals, are generated by catalytic cracking 
reaction on a heated catalyst [1,2]. We proposed a 
surface treatment method using the atomic 
hydrogen, named as the atomic hydrogen annealing 
(AHA) [3-11]. 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 H2 is much 
higher on heated catalyst surface than in gas phase 
such as plasma process [12]. The AHA method can 
treat on a large area sample simply by spreading the 
catalyst widely without plasma damage. 

The technique can be applied to the low-

temperature crystallization of a-Si [3], dry etching 
of crystalline silicon [13], vacuum chamber 
cleaning and photoresist removal [14-17].  

The surface modifications of plastic substrates, 
namely, polyvinyl chloride (PVC) [4], polyethylene 
(PE) [4], polypropylene (PP) [4], polyethylene 
naphtahalate (PEN) [6], and poly methyl 
methacrylate (PMMA) [18] have been investigated 
for controlling the surface properties. 

In this study, the reaction between polymer 
materials and atomic hydrogen was investigated 
from the change in the surface morphology of 
various plastic substrates. 

 
2. Experimental 

The AHA apparatus used in this study and the 
concept of AHA are shown in Fig. 1. In AHA, the 
hydrogen molecules are decomposed on the heated 
catalyst (W mesh). The atomic hydrogens arrive on 
the sample surface and diffuse into the sample. The 
chemical reactions such as hydrogenation and 
reduction occur on the surface and the interior of 
sample. In addition, the sample surface is locally 
heated by the energy of recombination reaction.  

A 55×55 mm2 W mesh with a wire diameter of 
0.03 mm and having 50 holes/inch was heated to 
1600 and 1700 °C by electrical heating in H2 
atmosphere. The applied voltages and currents of W 
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mesh were 10.5 V and 23.8 A for a mesh 
temperature (Tmesh) of 1600 °C and 14.0 V and 28.8 
A for a Tmesh of 1700 °C, respectively. The flow rate 
of H2 and gas pressure were 100 sccm and 30 Pa, 
respectively. The distance between the W mesh and 
the sample was 80 mm.  

The temperature of sample surface was measured 
by a K-type thermocouple (TC) attached on a PET 
by a polyimide tape. The optical image of 
polyethylene terephthalate (PET) and TC on the 
sample holder is inserted in Fig. 2.  

The PET (Lumirror S10, Toray Industries, Inc.), 
PEN (Teonex, Teijin Ltd.), PP (6-607-02, As One) 
and PVC (61-7474-17, As One) were subjected to 
AHA. The samples (plastic substrate of 40×40 
mm2 or 40 × 80 mm2 in size and 0.2 mm in 
thickness) were fixed at the sample holder (stainless 
steel plate, 130×130 mm2 in size and 10 mm in 
thickness) by a polyimide tape. The Tmesh was fixed 
at 1700 °C for the surface modification of plastic 
substrate. The AHA treatment times (tAHA) were 600 
and 3600 s. The surface morphology was observed 
by field emission scanning electron microscope 
(FE-SEM, Regulus8220, Hitachi High-Tech Corp.). 
To suppress charge up, Os film was coated on the 
polymer substrate before SEM observation. The 
SEM images were obtained at an applied voltage of 
5 kV, an emission current of 10 µA.  
 
3. Results and discussion 

3.1. Surface temperature of PET during AHA 
  The surface temperature of PET is shown in Fig. 
2. The temperature of PET was increased to 113 °C 
for 600 s and 172 °C for 3600 s, respectively. In this 
apparatus, the sample temperature was not 
controlled by a heater and/or a cooling system. 
Therefore, the sample temperature was 
automatically increased by thermal radiation from 
the heated W mesh. At a Tmesh of 1600 °C compared 
to 1700 °C, the surface temperature of PET was 
reduced by 40 °C for 600 s. It was shown that the 
temperature of plastic substrate is reduced by 
decreasing Tmesh. In addition, it has been confirmed 
that the surface temperature of plastic film 
(thickness of 0.1 mm) can be maintained at a low 
temperature by improving the adhesion between the 
plastic film and cooled metal drum in roll-to-roll 
system [19]. It is expected that the surface 
temperature could be reduced by decrease in Tmesh 
or by using the cooling system for polymers with 
low heat resistance. 
 
3.2. Surface modification of plastic substrate  

SEM images of the various plastic substrates 
before and after AHA are shown in Fig. 3. The 
oblique angle view (60 degrees) of the SEM images 
for the plastic substrates at a Tmesh of 1700 °C for a 
tAHA of 3600 s are shown in Fig. 4. As the tAHA was 
increased, the surface roughness of the PET, PEN, 
and PVC was increased. In the PET and PEN, the 
concavo-convex surface was formed at a tAHA of 600 
s. The protrusion with circle and oval shapes were 
observed at a tAHA of 3600 s. The width of white-
contrast oval was almost constant at 30 nm. On the 
other hand, the length of white-contrast oval was 
varied from 30 to 200 nm. From the oblique angle 
view, the protrusions were connected to each other 
on the polymer surface. In addition, the surface 

 
Fig. 1. (a) Schematic diagram of the AHA apparatus. 
(b) Concept of AHA.  

 
Fig. 2. Temperature of PET substrate as a function of 
treatment time.  
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Fig. 1. (a) Schematic diagram of the AHA apparatus. 
(b) Concept of AHA.  

 
Fig. 2. Temperature of PET substrate as a function of 
treatment time.  

morphology of PVC was changed by AHA. 
However, the surface morphology of PVC after 
AHA was different from PET and PEN. It is 
considered that the protrusion was generated via 
cracking of top surface of PVC. On the other hand, 
the change in surface morphology of PP was small. 
However, small dents were observed. It was found 
that the surface morphology was depended on the 
thermal property and chemical composition of 
polymer material.  

It was reported that crosslinking or degradation 
is produced by irradiation of electron with high 
energy of 800 kV [20, 21]. For the SEM observation 
in this study, however, the influence of electron 
irradiation was negligible because of low current 
and low applied voltage, and Os coating.  

 
3.3. Formation mechanism of surface protrusion on 
plastic substrate by AHA 

The formation mechanism of the surface 
protrusion on the plastic substrate by AHA is 
discussed by thermal property of plastic substrate 
and behavior of atomic hydrogen. The thermal 
properties of plastic substrate are summarized in 
Table 1. These values are referred as typical 
property.  

To clear the origin of the surface modification, 
the treatment time to exceed the glass transition 
temperature (Tg) are shown in Fig. 5. In this figure, 
the temperature of PET was used. Although the 
temperature of the other plastic substrates, namely 
PEN, PP, and PVC, might be different with PET, the 
Tg of the other substrates are indicated and are also 
discussed. In the PET, the temperature reached Tg 
(69 °C) for 100 s. Therefore, the surface 
modification is discussed based on treatment time 
beyond Tg. Below the melting point (Tm), the 
polymer in amorphous region only behaves like 
rubber and does not deform unless an external force 
is applied. The increment of surface roughness by 
increasing tAHA is not explained only by thermal 
deformation. In the case of PEN, the surface 
temperature was below Tg for a tAHA of 600 s, and 
that was above Tg for a tAHA of 3600 s. However, the 
surface morphologies of PEN after AHA for 600 
and 3600 s were similar to PET. This indicates that 
the surface modification of PET and PEN did not 
depend on only Tg. The Tg of PP was low as 0 °C 
and the surface temperature during AHA was above 
Tm of 168 °C. The change in surface morphology of 
PP was small. The Tm was not important for 
protrusion formation of PP. This indicates that the 
protrusion formation of polymer surface by AHA 
was not only depended on the thermal effect. 

It was reported that the surface modification 
occurred above Tg [22]. It was known that the 
surface modification occurred not only thermal 
effect but also atomic hydrogen effect because the 
surface morphology was not changed by He 
treatment [4]. Therefore, it was considered that the 
formation mechanism of surface protrusion is 
related to reaction of atomic hydrogen with polymer 
above Tg. In addition, it implies that the protrusion 

Table 1. Tg and Tm for plastic substrates 
Substrate Tg (°C) Tm (°C) 

PET 69 260 
PEN 155 265 
PP 0 168 

PVC 87 - 
 

 
Fig. 3. SEM images of plastic substrates before and 
after AHA. (a) PET. (b) PEN. (c) PP. (d) PVC. The 
conditions of the upper, middle, and lower images are 
w/o, 600, and 3600 s.  
 

 
Fig. 4. Oblique angle view (60 degrees) of SEM 
images for the plastic substrates after AHA. (a) PET. 
(b) PEN. (c) PP. (d) PVC. The tAHA was 3600 s.  

5 µm

w/o

600 s

3600 s

(a) (b)

(c) (d)
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formation due to shrinkage was enhanced by the 
reaction of atomic hydrogen such as decomposition 
and etching of plastic substrate. 

The formation mechanism of protrusion in the 
PVC was differed with the PET and PEN because 
the surface morphology was differed with the PET 
and PEN. From the previous study, the halogen and 

oxygen atoms are preferentially removed by AHA 
[4]. Therefore, the shrink of PVC occurred by the 
removal of halogen atoms. It implies that the surface 
protrusion of PVC was formed by shrinkage due to 
elimination of Cl atoms. 

 
4. Conclusion 

The surface modification depended on the 
constituent elements (halogen and oxygen atoms) of 
the polymer. As the tAHA was incresed, the surface 
protrusion became larger. It is considered that the 
surface protrusion formation was realized by 
combination of the chemical reaction of atomic 
hydrogen (substraction of oxigen and halogen atom 
and/or decomposition of main chain) and the 
enhancement of etching effect due to local heating.  
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