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Abstract

A novel photopolymerizable hyperbranched polyisophthalate (HPIP-A) was synthesized from 1,3,5-benzenetricarboxylic acid as a
“core” molecule, 5-hydroxyisophthalic acid as an ABionomer, and 2-hydroxyethyl acrylate as an endcapping reagent. This material
containing the unsaturation concentration of 5.29 mmeb~—! measured byH NMR has a wide molecular weight distribution of 2.05
and a degree of branching of 0.45. The refractive index at the wavelength of 650 nm was measured to be 1.562 using an autoretarder
ellipsepsometer. The diffraction efficiency (DE) of holographic diffraction grating in the cured film was found to be strongly dependent

on writing beam intensity, film thickness, monomer structure and content added in the resin. Romalt#bkness HPIP-A film added
30 wt.% methyl acrylate, a high diffraction efficiency of 92.3% was obtained at the writing beam intensity of 0.4 TfW cm

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

process in a film is accomplished by the copolymerization
of a monomer and a polymeric binder under a nonuniform

Holography has been widely used in many areas, suchexposure pattern, which can be obtained with the holo-
as non-destructive testing, information storage, integratedgraphic two-beam interference technique using coherent

optics, and so ofil—-4]. As a kind of holographic record-
ing materials, photopolymerizable recording dry films have

recently attracted extensive attention because of their fa-

laser sourcefl9]. The mechanism of Rl modulation is out-
lined briefly in Fig. 1. The difference in Rls of the bright
regions and dark ones, resulting from the different monomer

vorable advantages, such as self-developing capability,concentration, explains the existence of a modulation index

dry processing, response for visible light, high diffrac-
tion efficiency (DE) and spatial frequency, compared with
traditional recording materials, such as silver halide, pho-
toresists, thermoplastics, and so [&13]. Moreover, the
resulting diffraction gratings can be monitored in real time
[14-17] Usually, a photopolymerizable recording dry film
is composed of a polymeric binder with higher refrac-
tive index (RI) and a monomer with lower RI, as well a
photoinitiator. The theory concerning the formation of a
holographic diffraction grating in a film is based on the
photopolymerization—diffusion model, which was formu-
lated mathematically by Adhami et 4lL8]. The recording
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(An), i.e. holographic diffraction grating.

In order to obtain a holographic diffraction grating with
high performance, the properties of a polymeric binder, such
as viscosity, reactivity and compatibility with monomers,
are very crucial[20,21] The so-termed hyperbranched
polymers, which grow by repeated reactions of multifunc-
tional monomers, e.g. ABwith a “one-pot” procedure,
different from classical polymers by their compact molec-
ular shape, high degree of branching, and high density of
terminal functionality. These characteristics provide low
viscosity, good compatibility with monomers, and high
reactivity[22]. Fréchet and coworkers described the orthog-
onal synthesis of dendritic polyester with regular molecular
structure based upon 5-(hydroxymethyl) isophthalic acid
(or 3,5-dihydroxy-benzoic acid) via a convergent procedure
[23]. Turner and coworkers synthesized the hyperbranched
aromatic polyester based upon 5-hydroxyisophthalic acid
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Fig. 1. Mechanism of the refractive index modulation.

proceeding in a “step-wise” growth manner without the
addition of “initiator core” for viscosity-regulating appli-
cations[24]. However, little work has been performed to
prepare photopolymerizable recording dry films with hy-
perbranched polymers as polymeric binders.

In present work, the photopolymerizable hyperbranched
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chemicals were supplied from Shanghai First Reagent Co.,
China, and used after purification with standard methods.

2.2. Measurements

The FTIR spectra were recorded on a MAGNA 750 ap-
paratus (Nicolet Instrument Co., USA). ThE NMR and
13C NMR spectra were recorded on a DMX-500 appara-
tus (Brucker Co., Switzerland) using CQCas a solvent.
The molecular weight distribution was measured on a Water
150C GPC apparatus equipped witif 100%, 10° A columns
using polystyrene as a standard, and THF (1.0 mihhjims
a solvent. The compatibility of the obtained product with
monomer MA was determined on a dynamic mechanical
thermal analyzer (Rheome Tric SCI Apparatus Ltd., USA).
The Rl was measured with a V-VASE autoretarder ellipsep-
someter (J.A. Woollam Co., USA) in the wavelength range
of 240-1100 nm at 25C.

2.3. Synthesis

2.3.1. HPIP-A

SOCh (3.8 ml) solution in toluene (10 ml) was slowly
dropped into the reaction vessel containing BTCA (0.32g,
1.5 mmol) and HIPA (2.46 g, 13.5 mmol), as well a catalytic
amount of DMF, and stirred at 13C under nitrogen at-
mosphere until the wide band for —-OH and —COQOH groups
at the range of 2550-3450 crhin the IR spectrum disap-
peared. Finally, residual SO£And solvent toluene were re-
moved under a vacuum system, yielding a colorless liquid

polyisophthalate (HPIP-A) was prepared, and characterized(3'57g’ 96%), named HPIP, which was endcapped with acyl

by Fourier transition infrared (FTIR), nuclear magnetic res-

onance (NMR), and gel permeation chromatography (GPC).

The degree of branching (DB) was determined by NMR

method using model compounds. The photopolymerizable

chloride groups.

IR (NaCl): 1735cm?! (ester carbonyl), 1761 cnd (acyl
chloride carbonyl).

'H NMR (500 MHz, CDC}): 8.79-8.76 (s, Ar—H, 1.4H),

recording dry films were designed using the synthesized g 45_g 39 (s, Ar—H, 4.9H), 8.34-8.30 (s, Ar—H, 2.7H)

oligomer as a polymeric binder. As the most important pa- g 10_7 g3 (s, Ar—H, 21H) ppm. The non-integer H values
rameter of the obtained gratings, DE was investigated by \yare obtained due to the DB of HPIP.

writing beam intensity, film thickness, and monomer struc-
ture and content in the film, in real time.

2. Experimental
2.1. Materials

1,3,5-Benzenetricarboxylic acid (BTCA), 5-hydroxyiso-
phthalic acid (HIPA) and dimethylaminopyridine (DMAP)
were supplied from Aldrich, Germany. Resorcinoiphtha-
lic acid, 2-hydroxyethyl acrylate (HEA), methyl acrylate
(MA) and methyl methacrylate (MMA) were supplied from

13C NMR (125MHz, CDC}): 169.21, 167.35, 164.98,
162.76, 153.73-151.81, 148.62, 138.45, 135.92, 132.47—
130.72, 128.16-125.49, 119.12 ppm.

HEA (2.10g, 18 mmol) solution in C¥Cl, (10 ml) con-
taining catalytic amounts of DMAP and triethylamine was
dropped into the above resultant HPIP, and stirred &60
under nitrogen atmosphere until the band for —OH group
around 3300 cm! and the peak for acyl chloride group at
1761 cmr L in the IR spectrum disappeared. The solution was
extracted with HCI (2 M) and NaHC#X(sat.) solution, and
dried over NaSO; and filtered. Finally, the solvents were
removed under a vacuum system, yielding a yellowish liquid
(4.19g, 95%), named HPIP-A, which was terminally capped

Shanghai Shanhu Chemical Co., China. 1,6-Hexanediolwith acrylic double bonds.

diacrylate (HDDA) and trimethylolpropane triacrylate
(TMPTA) were supplied from UCB. Co., Belgium. Ti-

tanocene derivative (Irgacure 784) as a photoinitiator was

supplied from Ciba-Geigy, Switzerland. SQGAnd other

IR (NaCl): 815, 1410, 1615 cmt (acrylic unsaturation),
1735cn1? (ester carbonyl).

1H NMR (500 MHz, CDC}): 9.15-7.84 (s, Ar—H, 30H),
6.40 (d, —C£0O)-CH=CHo, cis to carbony, 11H), 6.12 (t,
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—C(=0)-CH=CHgy, 11H), 5.78 (d, -CG¥O)—CH=CHy, trans Ho: cion MeooC o ©~coc MeOOCgZ . :

to carbony, 11H), 4.75 (t, ~O—GHCH,—O—CEO)-Ar, OH ™ e

22H), 4.37 (t, —~O—Ch-CH,—O—-CEO)-Ar, 22H) ppm. HO MeooC |
13C NMR (125MHz, CDCh): 172.34, 169.20, 167.35, ' g

162.76, 152.54, 148.78, 138.45, 132.47-130.72, 128.16— CHCN | e

125.49, 63.17, 62.70 ppm. B__C'OC s, HOOO

2.3.2. Linear polyphthalate (LPP-A) C'ch Toleerelx HOOC? "
In order to investigate the effect of the molecular structure ©Oron Model compound A

Toluene/reflux

of a polymeric binder on holographic diffraction gratings,
the counterpart of HPIP-A, linear polyphthalate (LPP-A) @_OC @_o
was synthesized as following: SQC(2.5ml) solution in o H%(:)>—OCO-© + g OCO_@
toluene (10 ml) was dropped into the reaction vessel contain- cloc —OC

ing m-phthalic acid (1.83 g, 11 mmol) and resorcinol (1.10 g, Model compound B Mode compound C
10 mmol) as well a catalytic amount of DMF, and stirred at
130°C under nitrogen atmosphere until the wide band for
—OH and —COOH groups at the range of 2550-3450%cm
in the IR spectrum disappeared. The residual S@@t sol- (S Ar—H, 2H), 7.49 (s, Ar-H, 2H), 7.43 (s, Ar-H, 4H), 7.33
vent toluene were removed under a vacuum system. Then (S Ar—H, 1H), 7.15 (s, Ar-H, 4H) ppm.

HEA (0.23 g, 2 mmol) solution in CECl, (10 ml) containing

catalytic amounts of DMAP and triethylamine was dropped 2.4. Sample preparation

into the above reactant, and stirred at’@0under nitrogen

atmosphere until the band for —OH group around 3300tm A given amount of HPIP-A (or LPP-A), monomer (MA,
and the peak for acyl chloride group at 1761¢nin the IR MMA, HEA, HDDA or TMPTA), and 0.5wt.% (over the
spectrum disappeared. The solution was extracted with HCltotal amount of HPIP-A (or LPP-A) and monomer) Ir-
(2M) and NaHCQ (sat.) solution, and dried over NaOy gacure 784 added in CH»Cl, were poured on a quartz glass
and filtered. Finally, the solvents were removed under a (20mm x 20mm x 1 mm), and layed for 24 h at room tem-
vacuum system, yielding a viscous yellowish liquid (2.5g, perature, finaly, heated at 30°C under a vacuum system
90%), named LPP-A, which was terminally capped with to remove CH>Clo completely. After that, another quartz

Fig. 2. Schematic description for the synthesis of three model compounds.

acrylic double bonds. glass was placed on the top of the sample to produce a
IR (NaCl): 815, 1410, 1615cnt (acrylic unsaturation),  sandwich layer arrangement. The thickness of the sample
1735cnt? (ester carbonyl). was controlled by a definite thickness of Teflon spacer be-

IH NMR (500 MHz, CDC}): 8.63 (s, Ar—H, 9H), 8.41  tween two glasses. The preparation process was performed
(s, Ar-H, 2H), 8.12 (d, Ar—H, 18H), 7.91 (d, Ar—H, 2H), under a red light in order to prevent the samples from
7.51-7.39 (d, Ar—H, 21H), 7.14 (d, Ar-H, 18H), 7.05 (s, photopolymerization.

Ar—H, 9H), 6.40 (d, -CG¥O)—-CH=CHj, cisto carbony, 2H),

6.12 (t, -C£0O)-CH=CHy, 2H), 5.76 (d, -GXO0)-CH=CH, 2.5. Laser-induced diffraction gratings

transto carbony, 2H), 4.70 (t, -O—CHCH,—O—-CEO)-Ar,

4H1)é 4.42 (1, ~O-Ch-CH~O-CEO)-Ar, 4H) ppm. The schematic diagram of experimental setup used for
C NMR (125MHz, CDCt): 166.01, 163.05, 162.46,  monitoring the growth of holographic diffraction gratings is

148.65, 133.15, 132.93, 131.86, 129.80-129.27, 128'55'ShOWI’1 in Fig. 3. The above obtained sample exposed to the

117.99, 114.44, 63.17, 62.70 ppm. interference pattern produced by two intersecting Nd:YVOs

2.3.3. Model compounds
The synthesis of three model compounds was described
by authors in a previous article and schematically outlined in
Fig. 2 [25] The data of theitH NMR spectra are given as.
Model compound ATH NMR (500 MHz, CDC}): 8.76
(s, Ar—H, 1H), 8.13 (s, Ar-H, 2H), 7.83 (s, Ar-H, 2H), 7.49
(s, Ar-H, 2H), 7.43 (s, Ar-H, 1H) ppm. Computer
Model compound BiH NMR (500 MHz, CDC}): 8.42 = Attenuator [conpute
(s, Ar—-H, 1H), 8.13 (s, Ar—H, 2H), 8.06 (s, Ar-H, 2H), 7.49 1
(s, Ar—H, 2H), 7.43 (s, Ar-H, 2H), 7.33 (s, Ar-H, 2H), 7.15 {Vag;ng
(s, Ar—H, 2H) ppm.
Model compound C*H NMR (500 MHz, CDC): 8.32 Fig. 3. Schematic diagram of experimental setup used for monitoring the
(s, Ar—H, 1H), 8.13 (s, Ar-H, 2H), 8.06 (s, Ar—H, 2H), 7.94  growth of holographic diffraction gratings.
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double frequency lasers (532 nm) with the same angle to the
sample. The intensities of two beams are equal with a 50:50
beam-splitter M’. For the intersecting angle 26 of 30°, a
grating period of 1.06 um (grating frequency of 940 mm~1)
was obtained. A red low-power (1 mW) semiconductor |aser
(650 nm) was used to measure the first-order diffraction in-
tensity at Bragg angle (18°, calculated from Bragg condi-
tion) in real time, with a field of view of 2°. The intensity
of writing beam, the first-order diffracted intensity and the
transmitted intensity were recorded with the digital power
meters Py, P1 and Py, respectively. The DE is defined asthe
ratio of thefirst-order diffraction intensity over the transmit-
ted intensity through the sample before recording.

3. Results and discussion
3.1. Characteristics

3.1.1. Molecular weight distribution and the degree of
branching

The reaction scheme for the synthesis of HPIP-A, which
ideally contains 12 terminal acrylic double bonds, is shown
inFig. 4. Theellipsoidal architecture of hyperbranched poly-
mers has been considered to cause errors in the measure-
ment of molecular weight by GPC methods, which calibrates

HOOC HOOC
oH 4 c{@}—com
HOO HOO
(1) SOCl./toluene/reflux
(2) HEA/CH.Cl./reflux

R Yr
ol
P R
re_ B o od

(@] 4,CN,
o ¢ 0
0% o
FQ R
R
R= Cl (HPIP)

o/\/O\(;/CH=CH2 (HPIP-A)
o

Fig. 4. Reaction scheme for the synthesis of HPIP-A ideally containing
12 termina acrylic double bonds.

using linear polystyrene as a standard. Therefore, in GPC
measurements, molar mass for hyperbranched polymers is
expected to be lower because of their smaller radius of chain
gyration than the linear counterparts [26]. In this work, the
weight average molecular weight of HPIP-A was experi-
mentally measured to be 1.960gmol~! by GPC, compared
withitstheoretically calculation value of 2.450gmol~1. The
wide molecular weight distribution of 2.05 was not only due
to the high steric hindrance resulting from the dense aro-
matic rings, but also due to the statistics of the reactions in
the system.

Naturally, the most important feature of a hyperbranched
prepolymer is its DB, which has been defined by Fréchet
and co-workers [27],

_ dendritic units + terminal units
" dendriticunits + terminal units + linear units

The established methods for measuring DB traditionally in-
volve both NMR and functionalization-degradation methods
[28,29]. Inthe NMR method, several model compoundswith
low molar mass, resembling the repeating units of a hyper-
branched prepolymer, are usually synthesized. Based on the
different NMR peaks of model compounds, the spectrum of
a hyperbranched polymer can be assigned and the DB can
be calculated from the integrals of those peaks.

From the 'H NMR spectra of the model compounds as
shown in Fig. 5, the resonances at 8.76, 8.42 and 8.32 ppm
are assigned to the B protons, which have different structural

DB

8.32 ppm

p-=1O)-0coO)
—OCK
M\ Model compound C

8.42 ppm @
pri{Or-000-0)

Clc
Model compound B

il

Cl0C
CIC

Model compound A

M

90ppm 85 80 75 70 65 60

Fig. 5. 'H NMR spectra of three model compounds.
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Fig. 6. 'H NMR spectrum of HPIP endcapped with acyl chloride groups.

environments, in model compound A, B and C, respectively.
HPIP molecule contains the similar structures of “terminal
unit” with two free acyl chloride groups, “linear unit” with
one free acyl chloride group and one benzoyl ester group,
and “dendritic unit” with two benzoyl ester groups, as sepa-
rately shown in Fig. 6. It is, therefore, possible to determine
the relative amounts of model compound A, B and C in
the 'H NMR spectrum of HPIP based on the different res-
onances of B protons. The *H NMR spectrum of HPIP has
shown a set of the resonances for different units appeared
in the regions at 8.78-8.74, 8.45-8.39 and 8.34-8.30 ppm,
respectively. Consequently, these resonances are assigned to
the corresponding protons of the terminal units, linear units
and dendritic units, respectively. Their relative amounts can
be determined by integrating each region in the 'H NMR
spectrum. The DB of 0.45 for HPIP was, therefore, deter-
mined according to its definition, which is a general scale
for hyperbranched polymers prepared by “one-pot” proce-
dure [22].

3.1.2. Unsaturation concentration

As shown in Fig. 7, the integral of all areas assigned to
Ar—H at the range of 9.15-7.84 ppm in the 'H NMR spec-
trum of HPIP-A was used as an internal standard. The inte-
gral of all areas assigned to acrylic unsaturation at the range
of 6.45-5.73 ppm, was used to determine the unsaturation
concentration. Consequently, the unsaturation concentration
of 5.29mmolc=c g~ for HPIP-A was obtained, compared
with that of 5.60 mmolc=c g~! by theoretically calculation.

3.1.3. Compatibility with monomer
The softening point (Ts) is defined as the extrapolated on-
set of the drop of log(E’). The glass transition temperature

o)

Il
@%C\O/CH:—CH:/O\C/ CE:C}E
a b (”) c d

cisd transd

I,,-_MMFM l MV

Fig. 7. *H NMR spectrum of the HPIP-A.

(Tg) is defined as the peak of Tan(s) curve. The T¢/Tq ra-
tio expresses the width of Tan(s) peak, which is a rule that
a higher T¢/Ty ratio leads to a narrow Tan(s) peak and the
film is more homogeneous. The dynamic mechanical ther-
mal properties of these UV-cured films are shown in Figs. 8
and 9. It can be seen that the Ty/Ty values of these cured
HPIP-A films without and with 20 and 40wt.% monomer
(MA) addition demonstrate that the three systems have the
similar homogeneity. The dataislisted in Table 1. This fur-
ther proves HPIP-A has good compatibility with monomers.

9.5
AAAA%
J YN @) 0% monomer
e, AAAA ® 20% monomer
9.0 L T 2, A 40% monomer
' ooo " A
o - AA
o ", A
%o = A
o » A
= o, L AAA
(o] ]
A,
fg 8.5 OOO - ‘N
w o " 2N
(2] o [ ] AA
| © ] DA,
o] [ ]
o ", Aang,
Coq ., YN
8.0 [S7SY -.l-
Oooo -.--
(e}
OOOOOOOOO.O-O.O.
7.5 T T

T T T T T
40 60 80 100 120 140 160 180 200
Temperature (°C)

Fig. 8. LogE’ curves of the UV-cured HPIP-A films as a function of MA
content.

Table 1
Data of dynamic mechanical thermal anaysis of the UV-cured HPIP-A
films with and without monomer addition

Sample Ts (°C) Ty (°C) T/ Tg
HPIP-A 69 108 0.898
HPIP-A + 20wt.% monomer 81 130 0.878
HPIP-A + 40wt.% monomer 95 145 0.880
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Fig. 9. Tan() curves of the UV-cured HPIP-A films as a function of MA
content.

3.1.4. Refractive index

As shown in Fig. 10, the RI of 1.562 for HPIP-A at the
wavelength of 650 nm was determined by an autoretarder el-
lipsometer, compared with 1.564 for HPIP, endcapped with
phenyl groups, developed by author [25]. The favorable RI
value is achieved due to the presence of numerous benzene
ring groups in the molecular structure. The higher the Rl of
a polymeric binder is, the more multifold monomers pos-
sessing low RI can be easily selected.

3.2. Influence factors on diffraction efficiency

3.2.1. Writing beam intensity

Fig. 11 shows the DE at different writing beam inten-
sities measured using 25 pm thickness HPIP-A film with
30wt.% MA. The curves present typical features of a
free-radical photopolymerization process. The duration of
initiation phase shortens with increasing the writing beam
intensity, even disappears at the writing beam intensity of
1.0mWcm™2, as expected in free-radical polymerization
systems [30]. At the writing beam intensities lower than

1.72

1.68

1.64

Refractive index

1.60 4

1.56

T T T T T T T T
200 400 600 800 1000
Wavelength (nm)

Fig. 10. Refractive index of HPIP-A vs. wavelength.

100 5
0.4 mW/cm
_ 80 1.0 mwicm®
)
&
c 60
2 0.1 mwW/cm?® .01 mw/cm?
%
c 40 .-
2
3] LPP-A film
g
£ 204
[a]
0 T T "'I T T T T T

0 10 20 30 40 50 60 70 80 90
Exposure time [sec]

Fig. 11. Diffraction efficiency for 25um thickness HPIP-A films with
30wt.% MA at different writing beam intensities.

0.4mW cm~2, the diffusion rate of monomer MA exceeds
its photopolymerization rate. As the photopolymerization
proceeds, more monomers diffuse from the darker regions
to the brighter ones. As a result, the modulation index An,
together with the DE, increases with increasing the writing
beam intensity. However, at higher writing beam inten-
sity, such as 1.0mW cm~2, the photopolymerization rate
of monomer exceeds its diffusion rate, which produces a
decrease in DE compared with that at 0.4mW cm~—2. This
is because the high-crosslinked polymeric network formed
at the initial phase impedes the further diffusion of the un-
reacted monomers. Moreover, the saturation exposure dose,
defined as the exposure intensity multiply exposure time (s)
at which the steady-state DE reached, of 36 mJcm—2 was
observed for this film. This value is far lower than that of
80mJcm—2 for DuPont photopolymer used by Curtis [14].

In order to investigate the effect of polymeric binder struc-
tures on diffraction gratings, the DE of 25um thickness
LPP-A film with 30wt.% MA was measured at the writ-
ing beam intensity of 0.4mW cm~2. The weight average
molecular weight of 2.044gmol~—! and polydispersity of
1.45 for LPP-A was experimentally obtained by GPC mea-
surement. The higher RI of 1.587 for LPP-A was obtained,
compared with that of 1.562 for HPIP-A. However, the lower
DE of 45.6% for LPP-A film was obtained, compared with
that of 92.3% for HPIP-A film. Moreover, the steady-state
DE of the former reached after longer exposure time. This
may be explained by the fact that the higher viscosity of
LPP-A, resulting from its inter/intra-molecular chain entan-
glements, impedes the diffusion of unreacted monomers dur-
ing the recording process. This implies that hyperbranched
prepolymers are more competitive than linear prepolymers
used in photopolymerizable recording dry filmsas polymeric
binders.

3.2.2. Film thickness
The DE for the various thickness HPIP-A films with
30wt.% MA at the writing beam intensity of 0.4 mW cm—2
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Fig. 12. Diffraction efficiency for the various thickness HPIP-A films with
30wt.% MA at the writing beam intensity of 0.4mwW cm=2.

isshown in Fig. 12. The distinct increase of DE is observed
when the film thickness increases from 10 to 25 pm. This
can be explained with the theoretical description of DE (n)
for volume holograms, which is given as:

.5 |: wd An :|
n=sin
1 cos(6)

where d is the film thickness and A is the wavelength of
probe beam. An estimate based on this model gives the An
value of 10~2. However, this behavior is reversed when the
film thickness further increases, as summarized in Table 2.
For the 50 wm thickness film, the maximum DE (nmax) iS0b-
served for the exposure time of about 20 s, followed by ade-
crease to the steady-state DE (n4) after longer exposure. For
the 75 and 150 p.m thickness films, the same behavior per-
forms moreremarkably. The value of ng/nmax decreaseswith
increasing the film thickness. This can be assumed that the
light scattering takes place whilst the copolymerization of
HPIP-A and monomers occurs, which resultsin the destruc-
tion of periodic intensity distribution of the writing beams
as well as their mutual coherence. As a result, the diffrac-
tion beam may broaden, which becomes more obvious at
the film thicknesses of over 50 wm. This broadening results
in a decrease of the recorded diffraction intensity, because a
part of it falls out of the view field of the detector. Moreover,
the light scattering-induced grating destruction can be aso
understood by the diffusion of unreacted monomers. When
the writing beam passes through a thicker film, its inten-
sity decreases with increasing the incident depth due to the
light scattering and/or absorption. This leads to the inhomo-

Table 2
nmax and ng values for the various thickness HPIP-A films with 30 wt.%
MA at the writing beam intensity of 0.4mw cm—2

Film thickness (p.m)

10 25 50 75 150
nmax. (%) 315 923 89.6 716 38.9
1 (%) 315 923 75.4 511 227
Nt nmax (%) - - 83.1 714 58.4

geneous polymerization and a viscosity gradient in the film
depth. Therefore, the decrease of An is induced by means
of the diffusion of unreacted monomers from the bottom
layer to the top layer of athicker film. Therefore, it can be
concluded that the thickness of a recording dry film should
not exceed 25 um to avoid light scattering-induced grating
destruction.

3.2.3. Monomer structure and content

In order to substantiate the photopol ymeri zation—diffusion
model during the formation of holographic diffraction grat-
ings in these photopolymerizable recording dry films, five
monomers (MA, MMA, HEA, HDDA and TMPTA) with
different diffusion performance were selected as the compo-
nents of these curablefilms. Fig. 13 showsthe DE for 25 um
thickness HPIP-A films with 30wt.% different monomers at
the writing beam intensity of 0.4 mW cm~2. It can be found
that the DE decreases with increasing the functionality of
monomers. This is because the high crosslinked polymeric
network formed rapidly by the copolymerization of HPIP-A
and multifunctional monomers, HDDA and TMPTA, im-
pedes the further diffusion of unreacted monomers from
darker regions to brighter ones in a larger extent. Further-
more, the bulky molecular structure of TMPTA leads to
its poor diffusion performance. Moreover, the DE curves
for HPIP-A films with MA and MMA level up in shorter
periods. For the different monofunctiona monomers MA,
MMA and HEA, the DE of 32.7% for the film with HEA
is much lower than those of 92.3, 77.4% for the films
with MA and MMA, respectively. This may be interpreted
that the polarity of HEA leads to poor compatibility with
HPIP-A, as well diffusion property. This substantiates the
photopolymerization—diffusion model of these systems.

The DE for the 25um thickness HPIP-A films with
different MA contents at the writing beam intensity of
0.4mW cm~2 is shown in Fig. 14. The distinct increase in
DE is observed when the MA content increases from 20
to 30wt.%. This can be explained that 20wt.% monomer
in the resin is not enough to obtain a considerable An, as
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Fig. 13. Diffraction efficiency for 25um thickness HPIP-A films with
30wt.% different monomers at the writing beam intensity of 0.4mw cm=2,
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Fig. 14. Diffraction efficiency for 25um thickness HPIP-A films with
different MA contents at the writing beam intensity of 0.4mwW cm=2.

Table 3
nmax and ng values for 25 pm thickness HPIP-A film with different MA
contents at the writing beam intensity of 0.4mwW cm—2

MA content (wt.%) 20 30 40 50

Nmax (%6) 46.1 92.3 90.2 70.2
ns (%) 46.1 92.3 56.7 35.9
Nst/Mmax (%) - - 62.9 51.1

well DE. However, the nmax is observed for the 40wt.%
MA film after 20s exposure, followed by a decrease to
the lower ng when exposed for over 45s. This behavior
becomes more obvious when the monomer content further
increases. For the 50wt.% MA film, the lower values of
nmax and ng compared with the film containing 40wt.%
MA are obtained. The value of ng/nmax decreases with in-
creasing the MA content, as listed in Table 3. This may be
explained by the fact that high monomer contents lead to
the scattering-induced destruction more obviously.

4. Conclusions

HPIP-A theoretically endcapped with 12 terminal acrylic
double bonds per molecule was synthesized from BTCA,
HIPA and HEA, proceeding in a “one-pot” procedure. A
high RI of 1.562 at the wavelength of 650nm for the ob-
tained prepolymer was determined by an ellipsepsometer.
The study on the holographic diffraction gratings has shown
that the DE is strongly dependent on the writing beam in-
tensity, film thickness, monomer structure and content. For
the 25 pm thickness film, the higher DE of 92.3% and the
An of 102 were obtained at the writing beam intensity
of 0.4mW cm~2. For the thicker films of over 25um, the
Nmax Was observed when exposed for about 20s, then fol-
lowed by a decrease to the lower ny after further exposure.
This phenomenon becomes more obvious with increasing
the film thickness and monomer content. The functionality

and polarity of monomers have significant influence on DE.
Therefore, it can be concluded that the 25um thickness
HPIP-A film with 30wt.% MA is recommended to prepare
the holographic diffraction grating with a higher DE at the
writing beam intensity of 0.4mwW cm—2.
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