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a b s t r a c t

To develop photoinitiator systems of high performance for the negative photo-resist, we synthesized
six methoxyphenylquinoxalines (MOPQs) and investigated the photopolymerization of 2,2-bis(4-
(acryloxypolyethoxy)phenyl)propane (A-BPE-10) initiated by these MOPQs in the negative photo-resist.
MOPQs possess suitable UV–vis maximum absorption wavelengths in the range of 349–402 nm, along
eywords:
hotoinitiator
uinoxalines
egative photo-resist

with high extinction coefficients ε. Except for T3MOP-DQ and T4MOP-DQ, the other four MOPQs, D3MOP-
Q, D4MOP-Q, D3MOP-BenQ and D4MOP-BenQ, could initiate photopolymerization of A-BPE-10 in the
negative photo-resist very efficiently. In particular, D3MOP-BenQ was the most efficient, with almost
100% final conversion in the presence of 2-mercaptobenzothiazole (MBO) as a coinitiator. Among the four
coinitiators LCV, MBO, NPG and MDEA, MBO was the best coinitiator for MOPQs. The negative photo-resist
containing MOPQs as a photoinitiator can also form good patterns on copper through photolithography.

e MO
These characteristics mak

. Introduction

As a simple and energy saving process of creating patterns
n various substrates, the negative photo-resist is widely used
n the fabrication of printed circuit boards (PCBs), which is one
f the key materials in the modern electronics industry [1–7].
sually, the negative photo-resist is comprised of the supporting
olymer, crosslinker monomer and photoinitiator system. Pho-
oinitiator systems can absorb light of a particular wavelength to
enerate active species, which can convert a crosslinker monomer
nto a crosslinked network in the negative photo-resist. Therefore,
hotoinitiator systems play a very important role in the negative
hoto-resist, and many efforts have been directed at the devel-
pment of photoinitiator systems with high performance [8–10].
mong the most studied photoinitiator systems are those in which
adicals are generated through bimolecular processes consisting
f an excited chromophore and hydrogen donor as a coinitiator
hydrogen-abstraction photoinitiator system) [11–14].

Due to the excellent UV–vis absorption of dye chromophores,
ombinations of dyes with various hydrogen donors can provide

photoinitiator system with high performance for photopolymer-

zation [15–17]. Quinoxaline possesses a structure similar to a dye,
nd can be expected to be a potential hydrogen-abstraction pho-
oinitiator due to its tunable UV–vis absorption between 320 and

∗ Corresponding author. Tel.: +86 21 54747445; fax: +86 21 54747445.
E-mail addresses: ponygle@sjtu.edu.cn (X. Jiang), jyin@sjtu.edu.cn (J. Yin).
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PQs potential photoinitiators in the negative photo-resist.
© 2009 Elsevier B.V. All rights reserved.

420 nm and its electron–acceptor moiety [18–21]. To the best of our
knowledge, only a few studies on quinoxalines as photoinitiators
have been reported. Arsu and coworkers investigated quinoxaline
derivatives in UV-cured coatings [22], and Paczkowisky et al. stud-
ied a dye photoinitiator based on the indolo-quinoxaline skeleton
[23].

As part of our continuous studies on the development of
highly efficient photoinitiator systems for the negative photo-
resist [24–27], a study of methoxyphenylquinoxaline derivatives
(MOPQs) as photoinitiators in the negative photo-resist is pre-
sented. The methoxy group as a substituent on photoinitiator
molecules is of our interest because it can not only enhance
the solubility of the photoinitiator in the negative photo-resist,
but also lead to a red-shift of the absorption of the electron-
accepting photoinitiator. As is known, the most widely used
commercial photoinitiator systems in the negative photo-resist are
based on hexaarylbiimidazole (HABI) systems. The most widely
used HABI derivatives, such as 2,2′-bis(2-chlorophenyl)-4,4′,5,5′-
tetraphenyl-1,2′-biimidazole (BCIM), have been developed over
about three decades. However, BCIM does not possess a satisfac-
tory UV absorption, as its maximum absorption peak is below
300 nm. Moreover, BCIM has several drawbacks, such as having
two chloride atoms in the molecule, relatively low solubility and

forms sludge (precipitation) in the developing bath. Therefore,
developing better photoinitiator systems with high performance
for the negative photo-resist is a significant challenge. As dye
molecules, quinoxalines possess suitable UV absorption properties
with a tunable maximum absorption peak. To evaluate the possibil-

http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
mailto:ponygle@sjtu.edu.cn
mailto:jyin@sjtu.edu.cn
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ty of quinoxalines as photoinitiators for the negative photo-resist,
e synthesized six new methoxyphenylquinoxaline derivatives

MOPQs) and studied the photopolymerization of A-BPE-10 initi-
ted by these MOPQs in the negative photo-resist by photo-DSC.

. Experimental

.1. Materials

3,3′-Dimethoxybenzil was obtained from Shanghai Sanshi sci-
nce and technology Co. (Shanghai, China). 1,2-Diaminobenzene
as provided by China National Pharmaceutical Group Co. (Shang-
ai, China). 3,3′,4,4′-Biphenyltetramine, 4,4′-dimethoxybenzil
nd leucocrystal violet (LCV) were purchased from Aldrich
hemical Company. 2-Mercaptobenzothiazole (MBO) was
btained from J and K Chemical Co. (Shanghai, China).
,3-Diaminonaphthalene, N-phenylglycine (NPG) and N-
ethyldiethanolamine (MDEA) were purchased from Alfa Aesar.

,2-Bis(4-(acryloxypolyethoxy)phenyl)propane (A-BPE-10) was
rovided by Shin-Nakamura Chemical Co., Ltd. Copoly(styrene-
o-methylmethacrylate-co-methacrylic acid) (Mn = 94,000) was
ynthesized in our laboratory. Other chemicals were obtained
rom China National Pharmaceutical Group Co. (Shanghai, China).
ll reagents were used as received except as noted.

.2. Synthesis of six methoxyphenylquinoxalines (MOPQs)

Six MOPQs were synthesized through a one-step reaction
ccording to Scheme 1. The detailed experimental procedures for
OPQs are shown as follows.
.2.1. Synthesis of 2,3-bis(3-methoxyphenyl)quinoxaline
D3MOP-Q)

4 mmol of 1,2-diaminobenzene and 4 mmol of 3,3′-
imethoxybenzil were dissolved in 25 mL of ethanol and stirred
nder nitrogen. The mixture was refluxed for 12 h, and was

Scheme 1. Process for the synthesis of q
oatings 67 (2010) 225–232

then poured into a 10-fold volume of petroleum ether. The pre-
cipitant was filtered and recrystallized from ethanol to furnish
D3MOP-Q.

API-ES-LC/MS: m/z 343.0; C22H18N2O2 (342). Calcd. C 77.17, H
5.30, N 8.18. Found C 76.49, H 5.32, N 8.10. 1H NMR (DMSO-d6), ı
(ppm): 3.63 (OCH3); 6.94, 7.02, 7.03, 7.25, 7.85, 8.13 (CH Ar). 13C
NMR (DMSO-d6), ı (ppm): 55.71 (OCH3); 115.09, 115.77, 122.79,
129.82, 131.18, 140.70, 141.15, 159.51 (CH, C, Ar); 153.61 (C N).
FTIR (KBr): 1580 cm−1 (C N).

2.2.2. Synthesis of 2,3-bis(4-methoxyphenyl)quinoxaline
(D4MOP-Q)

4 mmol of 1,2-diaminobenzene and 4 mmol of 4,4′-
dimethoxybenzil were dissolved in 25 mL of ethanol and stirred
under nitrogen. The mixture was refluxed for 12 h, and was then
poured into a 10-fold volume of petroleum ether. The precipitant
was filtered and recrystallized from ethanol to furnish D4MOP-Q.

API-ES-LC/MS: m/z 343.0; C22H18N2O2 (342). Calcd. C 77.17, H
5.30, N 8.18. Found C 77.06, H 5.22, N 8.20. 1H NMR (DMSO-d6), ı
(ppm): 3.77 (OCH3); 6.92, 7.43, 7.81, 8.08 (CH Ar). 13C NMR (DMSO-
d6), ı (ppm): 55.94 (OCH3); 114.18, 129.36, 130.72, 131.86, 140.92,
160.41 (CH, C, Ar); 153.39 (C N). FTIR (KBr): 1606 cm−1 (C N).

2.2.3. Synthesis of 6-(2,3-bis(3-methoxyphenyl)quinoxalin-7-yl)-
2,3-bis(3-methoxyphenyl) quinoxaline
(T3MOP-DQ)

2 mmol of 3,3′,4,4′-biphenyltetramine, 4 mmol of 3,3′-
dimethoxybenzil and 25 mL of 1,4-dioxane were added into a
three-necked flask. The mixture was refluxed for 12 h, and was
then poured into a 10-fold volume of petroleum ether. The pre-
cipitant was filtered and recrystallized from ethanol to furnish

T3MOP-DQ.

MALDI: m/z 684.3; C44H34N4O4 (682). Calcd. C 77.40, H 5.02, N
8.21. Found C 77.39, H 5.00, N 8.25. 1H NMR (CDCl3), ı (ppm): 3.74
(OCH3); 6.94, 7.12, 7.14, 7.27, 8.24, 8.33, 8.60 (CH Ar). 13C NMR
(CDCl3), ı (ppm): 55.47 (OCH3); 115.04, 115.60, 122.56, 127.69,

uinoxalines and their structures.
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Scheme 2. Structures of c

29.77, 130.16, 140.46, 141.13, 141.47, 159.70 (CH, C, Ar); 153.82,
54.19 (C N). FTIR (KBr): 1585 cm−1 (C N).

.2.4. Synthesis of 6-(2,3-bis(4-methoxyphenyl)quinoxalin-7-yl)-
,3-bis(4-methoxyphenyl) quinoxaline
T4MOP-DQ)

2 mmol of 3,3′,4,4′-biphenyltetramine, 4 mmol of 4,4′-
imethoxybenzil and 25 mL of 1,4-dioxane were added into a
hree-necked flask. The mixture was refluxed for 12 h, and was
hen poured into a 10-fold volume of petroleum ether. The pre-
ipitant was filtered and recrystallized from ethanol to furnish
4MOP-DQ.

MALDI: m/z 684.3; C44H34N4O4 (682). Calcd. C 77.40, H 5.02,
8.21. Found C 76.80, H 4.98, N 8.08. 1H NMR (CDCl3), ı (ppm):

.85 (OCH3); 6.90, 7.54, 8.18, 8.25, 8.53 (CH Ar). 13C NMR (CDCl3),
(ppm): 55.59 (OCH3); 114.03, 127.52, 129.32, 129.99, 131.57,

41.23, 160.56 (CH, C, Ar); 153.37, 153.82 (C N). FTIR (KBr):
606 cm−1 (C N).

.2.5. Synthesis of 2,3-bis(3-methoxyphenyl)benzo[g]quinoxaline
D3MOP-BenQ)

4 mmol of 2,3-diaminonaphthalene and 4 mmol of 3,3′-
imethoxybenzil were dissolved in 1,4-dioxane. The mixture was
efluxed for 12 h, and was then poured into a 10-fold volume of
etroleum ether. The precipitant was filtered and recrystallized
rom ethanol to furnish D3MOP-BenQ.

API-ES-LC/MS: m/z 393.0; C26H20N2O2 (392). Calcd. C 79.57, H
.14, N 7.14. Found C 78.33, H 5.06, N 6.67. 1H NMR (DMSO-d6),
(ppm): 3.66 (OCH3); 6.97, 7.06, 7.08, 7.28, 7.64, 8.25, 8.81 (CH
r). 13C NMR (DMSO-d6), ı (ppm): 55.67 (OCH3); 115.74, 122.70,
27.83, 129.17, 129.78, 134.30, 137.84, 140.89, 159.45 (CH, C, Ar);
54.33 (C N). FTIR (KBr): 1592 cm−1 (C N).

.2.6. Synthesis of 2,3-bis(4-methoxyphenyl)benzo[g]quinoxaline
D4MOP-BenQ)

4 mmol of 2,3-diaminonaphthalene and 4 mmol of 4,4′-
imethoxybenzil were dissolved in 1,4-dioxane. The mixture was
efluxed for 12 h, and was then poured into a 10-fold volume of
etroleum ether. The precipitant was filtered and recrystallized
rom ethanol to furnish D4MOP-BenQ.

API-ES-LC/MS: m/z 393.0; C26H20N2O2 (392). Calcd. C 79.57,
5.14, N 7.14. Found C 79.32, H 5.01, N 7.06. 1H NMR (CDCl3),
(ppm): 3.85 (OCH3); 6.90, 7.55, 8.09, 8.68 (CH Ar). 13C NMR

CDCl3), ı (ppm): 55.51 (OCH3); 113.95, 126.74, 127.43, 128.74,
31.51, 134.13, 138.14, 160.61 (CH, C, Ar); 154.06 (C N). FTIR (KBr):
604 cm−1 (C N).
.3. Instruments

1H and 13C NMR spectra were recorded on a Varian Mer-
ury Plus-400 nuclear magnetic resonance spectrometer (400 MHz)
ators and the crosslinker.

using CDCl3 and DMSO-d6 as solvents. FTIR spectra were recorded
on a Perkin-Elmer Paragon 1000 spectrophotometer with KBr
plates. Mass spectra were determined on an Agilent HP1100
LC/MSD mass spectrometer. Elemental analysis was carried out on
an Elementar Vario EL III.

UV absorption spectra were recorded on an SHIMADZU UV-2550
UV–vis spectrophotometer. MOPQs were dissolved in chloroform
at a concentration of 1 × 10−5 mol/L.

Fluorescence spectra were conducted on a Perkin-Elmer LS-50B
spectrometer. MOPQs were dissolved in chloroform at a concen-
tration of 4 × 10−7 mol/L. Fluorescence quantum yields (˚f) in
chloroform were evaluated with respect to quinine bisulfate in
0.05 M aqueous sulfuric acid (˚f = 0.55) [28–29].

2.4. Photodifferential scanning calorimetry (photo-DSC)

Photopolymerization of A-BPE-10 (Scheme 2) initiated by
MOPQs in the negative photo-resist was carried out while acquir-
ing photo-DSC measurements (DSC6200 Seiko Instrument) made
with a high-pressure mercury lamp as the light source. Generally,
the negative photo-resist was prepared by casting the photopoly-
mer solution comprised of 2.5 g of crosslinker (A-BPE-10), 2.5 g of
poly(styrene-co-methylmethacrylate-co-methacrylic acid) as the
base copolymer, the photoinitiator system and 2 mL of 2-butanone
on polyethylene terephthalate (PET) films, followed by drying in an
oven. An approximately 1.3 mg film sample of 40 �m thickness was
held in a sample cell for 1 min, and was then irradiated for 3 min on
a photo-DSC with a 50 mW/cm2 light intensity under a 50 mL/min
nitrogen flow at 25 ◦C. The reaction heat is directly proportional to
the amount of acrylate reacted in the system. By integrating the
area under the exothermic peak, the conversion of the A-BPE-10
was determined according to Eq. (1) [30–31]:

C = �Ht

�Htheory
0

(1)

where �Ht is the reaction heat evolved at time t and �Htheory
0 is

the theoretical heat for complete conversion. �Htheory
0 = 86 kJ/mol

[32] was used as the reaction heat of the acrylate double bond.
The instantaneous rates of polymerization (Rp) were calculated
according to the following equation [33–36]:

Rp = (dC/dt)(dH/dt)
�H0

(2)

2.5. Photolithography of the negative photo-resist
DFR samples were prepared using a procedure similar to the
photo-DSC experiments. The photopolymer solution was prepared
by mixing A-BPE-10 (2.5 g), poly(styrene-co-methylmethacrylate-
co-methacrylic acid) (2.5 g), D4MOP-Q/LCV (0.025/0.05 mmol) and
butanone (2 mL), followed by coating on PET film using a bar coater.
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Table 1
UV–vis spectroscopic and fluorescent parameters of quinoxalines in chloroform.

Quinoxaline Absorption Fluorescence

�max (nm) �cutoff (nm) ε at �max (L mol−1 cm−1) ε at 365 nm (L mol−1 cm−1) �em (nm) ˚

D3MOP-Q 349 393 10200 7900 454 0.0924
D4MOP-Q 369 415 14000 13800 433 0.2342
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D3MOP-DQ 384 425 45000
D4MOP-DQ 400 444 51000
D3MOP-BenQ 389 448 10600
D4MOP-BenQ 402 457 18000

y drying in an oven at 110 ◦C for 15 min, 40 �m thick photopoly-
erizable DFR samples were prepared. The obtained DFR samples
ere laminated on a copper board (M-LAMINATOR, M4W-D) and

hen irradiated through a photo-mask by a high-pressure mercury
amp (CSUN UVE-M500). The exposed DFR was developed with
a2CO3 aqueous solution (TY-XY-5102), and the obtained pattern
as observed by microscope (KEYENCE VF-7500 profile microme-

er and scanning electron microscope HITACHI S-4800).

. Results and discussion

.1. Synthesis and photochemical properties of MOPQs

To investigate quinoxalines as photoinitiators in the negative
hoto-resist, six methoxyphenylquinoxaline derivatives (MOPQs)
ere synthesized according to Scheme 1. MOPQs can be synthe-

ized through a one-step reaction between commercial diamines
nd benzils, and their structures were confirmed by FTIR and NMR
pectroscopic analysis. The UV–vis spectra of the six obtained
OPQs are presented in Fig. 1, and detailed data of their photo-

hemical properties are summarized in Table 1. According to Fig. 1
nd Table 1, the maximal absorption wavelength (�max) of the six
btained MOPQs are in the range of 349–402 nm, with extinction
oefficients (ε) above 1 × 104, which can be ascribed to the �–�*
bsorption of the quinoxaline ring. The �max of MOPQs can be
uned by changing the molecular conjugation extent and position
f the methoxy substituent. There is no doubt that an enhance-
ent of the conjugation extent will lead to red-shifting of the �max.

or example, the �max of D3MOP-DQ and D3MOP-BenQ red-shifts

bout 35–40 nm in comparison to D3MOP-Q. The position of the
ethoxy group also has a very obvious influence on the �max. As

n electron-donating group, the methoxy group in the p-position
f the phenyl ring causes a larger red-shift of �max than when it
s in the meta-position, giving about a 15–20 nm red-shift of �max.

ig. 1. UV–vis absorption spectra of six MOPQs in chloroform at a concentration of
× 10−5 mol/L.
33100 426 0.3329
23900 444 0.4798

7200 460 0.0535
7600 456 0.6230

These satisfactory UV absorption properties make MOPQs poten-
tial photoinitiators because the irradiation wavelength of UV light
most commonly utilized for photocuring is 365 nm. The fluores-
cence emission spectra of the six obtained MOPQs are shown in
Fig. 2, and the detailed data of emission and fluorescence quantum
yields (˚f) are summarized in Table 1. Except for D4MOP-BenQ,
˚f for the other five MOPQs were less than 0.5. In the case of
D3MOP-Q and D3MOP-BenQ, their ˚f were very low, which may be
ascribed to fast intersystem crossing (ic) from the singlet to triplet
state.

3.2. Photopolymerization of A-BPE-10 initiated by MOPQs

The photo-DSC profiles of the photopolymerization of A-BPE-10
initiated by the MOPQs are presented in Fig. 3. The photopolymer-
ization behavior appears to be similar to the other multifunctional
crosslinkers [37–38]. The polymerization data are summarized
in Table 2. In the presence of MBO as a coinitiator, D3MOP-Q,
D4MOP-Q, D3MOP-BenQ and D4MOP-BenQ were efficient as pho-
toinitiators in the negative photo-resist, and the final conversions
of A-BPE-10 for these four MOPQs were higher than 85% according
to Fig. 1 and Table 2. It should be noted that the final conversion for
D3MOP-BenQ and D4MOP-BenQ were more than 90%; in the case
of D3MOP-BenQ, 100% conversion could be achieved. This might
be ascribed to the strong electron-accepting ability and excellent
charge-transfer characteristics of the quinoxaline ring [18]. Under
irradiation, MOPQ can abstract a hydrogen atom from the coinitia-
tor MBO to generate active radicals through electron and proton
transfer between the excited MOPQ and MBO. The strong electron-
accepting ability and excellent charge-transfer characteristics of

the quinoxaline ring promote hydrogen abstraction, resulting in the
generation of enough radicals to efficiently initiate polymerization.
Unlike the very obvious effects on UV–vis absorption, the position
of the methoxy group in the MOPQ structure has no significant
influence on the photoinitiating efficiency. The final conversion and

Fig. 2. Fluorescence emission spectra of six MOPQs in chloroform, normalized to
the same intensity.
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Fig. 3. Heat flow versus time curves of A-BPE-10 (a), conversion versus time
curves of A-BPE-10 (b), Rp versus conversion curves of A-BPE-10 (c), initiated by
the D3MOP-Q/MBO, D4MOP-Q/MBO, T3MOP-DQ/MBO, T4MOP-DQ/MBO, D3MOP-
BenQ/MBO and D4MOP-BenQ/MBO systems, irradiated for 3 min at 25 ◦C with a
50 mW/cm2 light intensity under a 50 mL/min nitrogen flow.

Table 2
Polymerization of A-BPE-10 initiated by six quinoxalines systems with MBO as the
coinitiator, irradiated for 3 min at 25 ◦C with a 50 mW/cm2 light intensity under a
50 mL/min nitrogen flow [quinoxalines] = 5 mmol/L.

Photoinitiators �H (mJ/mg) Conversion (%) Rpmax (×102 (s−1)) tRpmax (s)

D3MOP-Q 192.6 86.9 3.3 8.0
D4MOP-Q 198.0 89.4 3.5 7.3
T3MOP-DQ 88.0 39.7 1.9 7.7

Scheme 3. Proposed mechanism for q
T4MOP-DQ 94.9 42.8 1.9 8.0
D3MOP-BenQ 221.6 100.0 3.2 8.8
D4MOP-BenQ 205.9 92.9 3.8 8.4

Rpmax for D3MOP-Q were 86.9% and 3.3 s−1, respectively, which
were similar to those of D4MOP-Q. Compared with D3MOP-Q and
D4MOP-Q, D3MOP-BenQ and D4MOP-BenQ were more efficient,
which might be ascribed to their better UV absorption properties.
Although T3MOP-DQ and T4MOP-DQ possess excellent UV absorp-
tion around 380–400 nm with high ε, they were not efficient in
the photoinitiation of A-BPE-10, demonstrating final conversions
of acrylate of less than 50%. This might be attributed to their low
solubility and poor compatibility, which may be caused by their
large, planar conjugated structures. Indeed, we found that T3MOP-
DQ and T4MOP-DQ were difficult to disperse in the mixture of
copolymer blend and A-BPE-10 when the negative photo-resist was
prepared. In photocuring systems of high viscosity, chemical reac-
tions such as photopolymerization of the crosslinker and hydrogen
abstraction are controlled by diffusion. Therefore, the mobility of
the photoinitiator and the generated radicals are the most impor-
tant factors relating to the photopolymerization. Due to their larger
structures, the mobilities of T3MOP-DQ and T4MOP-DQ are worse
than those of the other four MOPQs, resulting in a lower photopoly-
merization rate and final conversion of A-BPE-10.

As one of the hydrogen abstraction (type II) photoinitiators,
quinoxaline can be used as a photoinitiator in the presence of coini-
tiators such as amines and thiols. The quinoxaline molecules can
be excited under the irradiation of UV light, followed by electron-
transfer and hydrogen abstraction, which happen rapidly between
excited photoinitiators and coinitiators, resulting in the formation
of radicals produced from the quinoxaline molecules and other
radicals derived from the coinitiators. Owing to the steric hin-
drance and delocalization of the unpaired electron, the radicals
from quinoxalines are usually not active toward vinyl monomers.
The photopolymerization of vinyl monomers is usually initiated
by coinitiator radicals, which are rather active. The overall mecha-
nism of the photoinitiation is shown in Scheme 3, from which we
know that the quantity and activity of coinitiator radicals deter-
mine the photopolymerization rate. Therefore, the coinitiator plays
an important role in quinoxaline photoinitiator systems. To find
the best coinitiator for MOPQs, we investigated the photopolymer-
ization of A-BPE-10 initiated by D4MOP-Q in the presence of four
different coinitiators, LCV, MBO, NPG and DMEA (see Scheme 2).

Fig. 4 presents photo-DSC profiles of the photopolymerization of
A-BPE-10 initiated by D4MOP-Q in the presence of LCV, MBO, NPG
and DMEA, and Table 3 summarizes the corresponding polymeriza-
tion data. According to Fig. 4 and Table 2, MBO is the most efficient

uinoxalines as photoinitiators.
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Fig. 4. Heat flow versus time curves of A-BPE-10 (a), conversion versus time curves
of A-BPE-10 (b), Rp versus conversion curves of A-BPE-10 (c), initiated by the
D4MOP-Q/LCV, D4MOP-Q/NPG, D4MOP-Q/MBO and D4MOP-Q/MDEA systems, irra-
diated for 3 min at 25 ◦C with a 50 mW/cm2 light intensity under a 50 mL/min
nitrogen flow.

Table 3
Photopolymerization of A-BPE-10 initiated by D4MOP-Q in the presence of the
different coinitiators LCV, NPG, MBO and MDEA, irradiated for 3 min at 25 ◦C
with a 50 mW/cm2 light intensity under a 50 mL/min nitrogen flow [coinitia-
tors] = 10 mmol/L.

Coinitiator �H (mJ/mg) Conversion (%) Rpmax (×102 (s−1)) tRpmax (s)

LCV 153.8 69.4 2.1 8.2
NPG 184.6 83.3 2.7 7.7
MBO 198.0 89.4 3.5 7.3
MDEA 181.2 81.8 2.8 7.7
oatings 67 (2010) 225–232

among these four coinitiators, indicating that thiol can be used as
an efficient coinitiator for MOPQs in the negative photo-resist.

Photoinitiator content is also important to photopolymerization
in the negative photo-resist. Taking the D4MOP-Q/MBO system as
an example, we further investigated the effect of quinoxaline con-
centration on photopolymerization in the negative photo-resist to

find the most efficient concentration in the photoinitiator system.
The concentration of the coinitiator MBO was kept constant. The
photo-DSC profiles of the photopolymerization of A-BPE-10 initi-
ated by D4MOP-Q/MBO at different concentrations are presented
in Fig. 5, and the corresponding photopolymerization data are sum-

Fig. 5. Heat flow versus time curves of A-BPE-10 (a), conversion versus time curves
of A-BPE-10 (b), Rp versus conversion curves of A-BPE-10 (c), initiated by differ-
ent amounts of D4MOP-Q and 0.05 mmol MBO, irradiated for 3 min at 25 ◦C with a
50 mW/cm2 light intensity under a 50 mL/min nitrogen flow.
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Table 4
Photopolymerization of A-BPE-10 initiated by different amounts of D4MOP-Q in the presence of 0.05 mmol MBO as a coinitiator, irradiated for 3 min at 25 ◦C with a 50 mW/cm2

light intensity under a 50 mL/min nitrogen flow.

Concentration of D4MOP-Q/mmol/L �H (mJ/mg) Conversion (%) Rpmax (×102 (s−1)) tRpmax (s)

1.25 139.0 62.7 2.8 7.7
7
8
9
7

m
w
1
a
a
c
fi
c
p
m
[
d
p
s
r

3

r

F
(

2.5 175.0.
5 198.0

10 218.0
20 157.4

arized in Table 4. The Rpmax and the final conversion increased
ith an increase of photoinitiator concentration from 1.25 to

0 mmol/L, and decreased if more photoinitiator (20 mmol/L) was
dded. The highest Rpmax and the final conversion were achieved at
D4MOP-Q concentration of 10 mmol/L in our experiments. In the
onventional UV photopolymerization, the polymerization rate and
nal conversion will increase with the increase of photoinitiator
ontent due to the generation of more radicals. However, too much
hotoinitiator content will lead to a decrease of the photopoly-
erization rate and final conversion because of the “filter effect”

39]. The penetration of UV light decreases with the increase of
epth. Too much D4MOP-Q content will prevent the UV light from
enetrating into the lower layers of the negative photo-resist, con-
equently leading to incomplete photocuring of the crosslinkers,
esulting in a decrease of Rpmax and final conversion.
.3. Micro-pattern fabricated by the negative photo-resist

The photo- and SEM-images of a micro-pattern on copper fab-
icated by the negative photo-resist are shown in Fig. 6. D4MOP-Q

ig. 6. Image of micro-pattern fabricated by DFR using D4MOP-Q as a photoinitiator:
A) photography and (B) SEM image.
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[
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[
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[
[
[
[
[
[
[

[
[
[
[

9.0 3.3 7.4
9.4 3.5 7.3
8.4 3.6 7.0
1.0 3.0 6.6

was used as the photoinitiator and the exposure intensity of UV
light was 30 mJ. The obtained micro-lines of the photo-resist exhibit
a good shape, and the profile of the lines are steep, indicating that
quinoxalines are potential photoinitiators in the negative photo-
resist.

4. Conclusion

We synthesized six methoxyphenylquinoxaline derivatives
(MOPQs) and studied the photopolymerization of A-BPE-10 initi-
ated by these MOPQs in the negative photo-resist. These MOPQs
possessed good UV absorption properties. Among these six MOPQs,
D3MOP-Q, D4MOP-Q, D3MOP-BenQ and D4MOP-Q were very effi-
cient as photoinitiators, and MBO was the best coinitiator for
MOPQs among the four coinitiators that we studied. In particular,
D3MOP-BenQ could initiate the photopolymerization of A-BPE-10
in the negative photo-resist to a final conversion of almost 100%.
These characteristics make MOPQs potentially valuable in the neg-
ative photo-resist.
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