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ABSTRACT

The influence of the oxygen and sulfur atoms in the spirocycles (–O–CH2–CH2–

O–, –O–CH2–CH2–S–, –S–CH2–CH2–S–) of the spirocyclic acryloylpiperidonyl

monomers on the thermomechanical and holographic properties of the pho-

topolymer material was studied. The conversion of double bonds of monomers

during UV polymerization was determined by IR spectroscopy method. The

refractive indices of spirocyclic monomers and photopolymers were measured.

The phase transmission diffraction gratings were recorded in photopolymer

materials containing the spirocyclic monomers. The highest modulation of the

refractive index was observed in the photopolymer based on the acry-

loylpiperidonyl dithiaazaspiroheterocyclic (–S–CH2–CH2–S–) monomer. It was

shown that light scattering in the photopolymer at hologram recording has

noticeable negative contribution and for the decrease in the diffraction efficiency

of holograms. The phase incompatibility of the polymer matrix and formed

photopolymer is considered as the reason of the light-scattering growth.
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GRAPHICAL ABSTRACT

Introduction

Holographic photopolymer materials (HPMs) are

required in many optical applications: holographic

image recording [1], security and anti-counterfeit

signs [2], holographic data storage systems [3], opti-

cal elements, interferometry [4, 5]. Among the many

well-known holographic materials, HPM has a

number of advantages: low cost, optical trans-

parency, and simple post-processing [6].

Usually, HPM film consists of a polymer binder,

monomers, and a photoinitiation system [7]. The pho-

toinitiating system used is the cationic derivative of

thioxanthenone, which effectively initiates the polymer-

ization of acrylates [8] when exposure by radiationwith a

wavelength of 375 nm. According to the mechanism of

photodecomposition of sulfonium salts [9, 10], the inter-

mediates of both the radical and the cationic type form as

the reaction products during photolysis of the cationic

derivative of thioxanthenone. These radicals initiate

polymerization of the acrylate monomers according to

free radical polymerization (FRP) mechanism [11–13].

Further, photoinitiated polymerization occurs according

to the classical schemewith the stages of propagation and

termination of polymerization [14, 15].

Exposure of the HPM in accordance with the har-

monic interference pattern formed by coherent laser

beams occurs when an elementary hologram (a phase

transmittance diffraction grating) is recorded into the

photopolymer. The process of the monomer poly-

merization is initiated in the exposed fingers, while

this does not occur in the dark fingers. The refractive

index (RI) modulation between the polymerized and

unpolymerized fingers is a basis for the hologram

formation. The difference in refractive indices

between the polymer binder and the polymer formed

from the monomer as result of photopolymerization

defines the diffraction efficiency (DE) of holograms

according the Kogelnik equation for the case of a

phase diffraction grating, under the Bragg conditions

[16]:

DE ¼ sin2 pn1d
kcosh

� �
ð1Þ

where n1 is RI modulation (half of difference in

refractive indices), d is the thickness of the grating; k
is the beam wavelength; h is the angle between the

wave vector of the beam and the normal to the

grating surface.

One of the ways to improve HPM is the synthesis

of monomers with a high refractive index [17, 18],

which should lead to an increase in the refractive

index modulation between the polymer binder and

the new polymer. Similar monomers are obtained by

introducing atoms with increased molar refraction
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into their structure, for example, these are sulfur

atoms [19]. During photopolymerization, nanoscale

structures of the new polymer are formed in the

binder, as a rule, in the form of scatter centers. The

size and refractive index of the polymer scatter cen-

ters affect the light scattering of the hologram. An

increase in light scattering in HPM should be

expected based on the fluctuation nature of Rayleigh

scattering of linearly polarized light on inhomoge-

neous polymer structures. This is due to the increase

the RI of the new polymer and an increase in the size

of the formed structures, in addition to an increase of

the diffraction efficiency. The decrease in the ther-

modynamic compatibility of the binder polymer and

the new polymer and, as result, their phase separa-

tion will also lead to an increase in light scattering in

the HPM [20]. In this regard, the use of monomers

containing highly refractive heteroatoms other than

binder atoms can raise the requirements for the

compatibility of a new polymer with a polymer bin-

der. As a rule, when developing methods for

improving a photopolymer by introducing highly

refractive atoms into the monomer structure, the

change in light scattering or the compatibility of two

interpenetrating polymer nets is not taken into

account.

The concept of the development of holographic

photopolymer materials implies a comprehensive

study of the influence of the HPM components on the

properties of the recording medium. Three mono-

mers—acryloyl derivatives of 4-piperidone with dif-

ferent numbers of sulfur and oxygen atoms in

spirocycles with the same acrylamide part: DO, OT,

and DT—were synthesized (Fig. 1). These monomers

contained atoms with different polarizabilities and,

accordingly, with different molar refractions, and

were used to estimation the influence of the structure

of monomers on the relative light scattering in the

HPM.

The goal of this research is to determine the effect

of oxygen and sulfur atoms in the spirocyclic

monomers on the refractive, thermal, holographic,

and light-scattering properties in HPM.

Experimental

Materials

Poly (vinyl acetate) (Mw * 500,000 by GPC, CAS:

9003-20-7, Sigma-Aldrich) was used as polymer bin-

der without purification. The monomers (Fig. 1) were

acryloyl azaspiroheterocyclic derivatives of 4-piperi-

done (DO, OT, and DT). The synthesis of the DT

monomer is published in [21], DO in [22]. OT was

obtained by analogy with DT [21].

2,4-Diethyl-9-oxo-10-(4-heptyloxyphenyl)-9H-

thioxanthenium hexafluorophosphate (CDTX)

(Fig. 2) was used as the photoinitiator for holographic

recording [23].

Preparation of the HPM

On the basis of the synthesized monomers, pho-

topolymer compositions were obtained. The compo-

sition is a solution of a photoinitiator, a monomer,

and a polymer binder in chloroform, at various molar

ratios of reagents. For each experiment, the specific

ratios of reagents are indicated below.

Polyvinyl acetate was chosen as a matrix in which

the initial monomers are well dissolved during the

preparation of HPM. No plasticizers were used in

HPM to minimize the contribution of monomer dif-

fusion to the diffraction efficiency of the holograms.

As a photoinitiator, we used a cationic derivative of

thioxanthenone, which has weak absorption at the

recording wavelength in the UV region of the
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Figure 1 Structures of monomers. Figure 2 Structure of CDTX.
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spectrum. This approach made it possible to form

holograms with minimal distortion caused by the

absorption of the medium. The holograms were

recorded using UV radiation from a DPSS laser with

a wavelength of 375 nm, which allowed the maxi-

mum manifestation of the features of Rayleigh scat-

tering in HPM.

Photopolymer compositions were coated to the

glass substrates arranged horizontally by slot-die

coating method. Glass plates with photopolymer

were dried at room conditions (25 �C, humidity 45%)

for 15–18 h. As a result, the experimental samples

with HPM layers of various thicknesses were

obtained. Photopolymer films were covered with PET

film to exclude oxygen inhibition of radical

polymerization.

Obtained HPM makes it possible to exclude dif-

fusion due to intentional absent of any plasticizer and

absorption effects. HPM was prepared as the model

samples which allow focusing on the influence of the

difference in the refractive indices of new polymers

and binder.

Preparation of the polymer films

UV-cured polymer films with a thickness of

300–400 lm were prepared from synthesized mono-

mers to measure the RI of polymers and for TGA and

DSC experiments. UV curing of the samples was

carried out by ELC-410 UV Spot Cure System (Elec-

tro-Light Corporation) for 30 min at distance of

10 mm. Then the samples were kept in a vacuum

(0.1 atm.) at a temperature of 70 �C for a day to

increase the monomer conversion.

Polymer films for DMA analysis were used too. In

this case, polymer films (PVAc binder: monomer

about 1:1) were UV-cured whole and kept in vacuum

the same way.

Polymer films with a thickness of 10 lm on a KBr

substrate were prepared in a similar way to measure

the degree of the monomer conversion by IR

spectroscopy.

Analytical instruments

Fourier transform-infrared (FT-IR) spectra were

obtained using KBr disk on a 640-IR, Varian, USA

(resolution of 0.25 cm-1, 400–7000 cm-1) at room

temperature.

Abbe refractometer DR-M4 (Atago) was used to

measure RIs. The RIs of viscous monomers (DO and

OT) were measured directly according to a standard

measurement procedure. The RIs of powder mono-

mer (DT) were measured in a DMSO solution

according to the procedure described in [24]. The RIs

of polymer films were measured using an immersion

liquid a-bromonaphthalene (CAS: 90-11-9, n = 1.659).

Interferometer MII-4 (Lomo) was used to measure

film thicknesses less than 10 microns by the inter-

ferometric method.

Thermogravimetric analysis (TGA) and differential

scanning calorimetry (DSC) measurements were

performed using a NETZSCH STA 409 instrument at

a heating rate of 10 �C/min under He flow. Tg was

determined in the DSC curves as the center of the

step transition in the second heating run. The short-

term thermal stability of copolymers was estimated

from the 3% weight loss temperatures (T3%) using

TGA. Dynamic mechanical analysis (DMA) mea-

surements were performed on a DMA 242 C

NETZSCH instrument. The experiments were carried

out using the tension mode of the DMA instrument

over the temperature range from - 50 to 150 �C with

3 �C/min heating rate under He flow. The 10-mm

strips of films were scanned at a frequency of 1 Hz

and 10 l peak-to-peak oscillation amplitude that was

well within the linear viscoelastic region.

Holographic experimental setup

The two-beam interference experimental setup

(Fig. 3) described in detail in [25] was used for CW

recording of holographic gratings. The phase

Figure 3 Holographic experimental setup. 1—computer; 2—

power meter Thorlabs PM100USB; 3—mirrors; 4—sensor

Thorlabs S121C; 5—CW He–Ne laser (633 nm); 6—sample;

7—beam splitter; 8—CW DPSS laser (375 nm).
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transmission holograms were recorded by a CW

DPSS laser (8) (k = 375 nm) with an intensity of 140

mW/cm2. The laser beam was divided into two

beams of equal intensity using a dichroic mirror (7),

and then these beams were directed by mirrors (3) to

the experimental sample (6) at the recording point of

the hologram. Two laser beams formed sinusoidal

holographic grating (square 1 mm2) with the spatial

frequency of 1250 lines/mm. The laser beam from a

testing CW He–Ne laser (5) (k = 633 nm, 0.5 mW)

was directed to the same recording point. The DE

kinetic dependences of the holograms were moni-

tored by measuring the intensity of the diffracted

beam of the He–Ne laser using a power meter (4).

Measurement results were collected on a computer

(1). The DE of each recorded hologram was calcu-

lated as the ratio of the diffracted beam power (Pd) to

the sum of the powers of the diffracted and trans-

mitted beams (Pt).

Results and discussion

Estimation of the conversion degree
of the acrylate groups by FT-IR spectroscopy

FT-IR spectroscopy methods were applied to esti-

mation of the conversion degree of double bonds of

monomers as a result of exposure to UV radiation

[26, 27]. Figure 4 shows the IR spectrum of a polymer

film obtained from DO monomer before and after

curing.

The IR spectrum of a non-cyclic analogue of the

studied monomers, acrylamide, was considered in

[28]. The peaks corresponding to out-of-plane defor-

mation (torsion) vibrations of C–H bonds in the vinyl

group of the molecule at 810 cm-1 [29], and stretch-

ing vibrations of the double bond C = C at 1612 cm-1

[29, 30] decrease during polymerization. Figure 4

shows similar peaks for the studied monomers: 794

and 1612 cm-1, respectively.

The absorption band at 1612 cm-1 was excluded

from consideration because of the significant overlap

with other vibration bands. The absorption band at

794 cm-1 was chosen to calculate the conversion

degree of monomers (C, %) [26]:

C %ð Þ ¼ 1�
AC¼Cð Þafterexposure
AC¼Cð Þbeforeexposure

 !
100%; ð2Þ

where (AC=C)before exposure and (AC=C)after exposure—

integral vibrations at 794 cm-1 before and after UV

curing, respectively.

The DO polymer film had a conversion degree of

C = 77%, OT polymer film had C = 82%, and DT

polymer film had C = 74%. The cured HPM films had

a conversion degree of monomer in the PVAc binder

about CDO = 68%, COT = 72% and CDT = 69%.

Thermal property of polymers

Thermal behavior of polymers was evaluated by TG

and DSC. Polymers formed from DO, OT, and DT

monomers have glass transition temperatures of 139,

130, and 155 �C, respectively. Since the cured poly-

mers are practically insoluble in organic solvents,

they were not purified from residual monomers. The

polymer formed from the powder DT monomer has

the highest glass transition temperature in spite of the

lower conversion. It should be noted that the glass

transition temperature of DO, OT, and DT polymers

is significantly higher than the Tg of PVAc (* 30 �C),
which is used as the HPM binder. The polymers

indicated good thermal stability. The 3% weight loss

temperatures of these polymers were 224, 220, and

263 �C correspondently.

Spectra of monomers and polymers

The transparency of optical polymers is one of the

key parameters that determine their practical appli-

cability. Figure 5 shows the transmission spectrum of

a 400 lm thickness polymer film formed from a DT

monomer. The polymer has a high transparency in

the range of 350–800 nm. Polymer films formed from
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A
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Figure 4 IR absorption spectra for the DO monomer before and

after curing.
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DO and OT monomers have practically the same

transmission spectra. These polymers can be used to

create components for diffractive, micro-optical, and

integrated-optical elements which operate in the near

UV and visible spectral regions.

The photoinitiator of the HPM has a weak

absorption band in the region of 350–400 nm (Fig. 6).

This weak absorption band can be clearly seen in the

inset of Fig. 6 on a logarithmic scale. Photoinitiator

CDTX initiates polymerization of acrylic monomers

by a free radical mechanism [31]. The extinction

coefficient of CDTX in this band is

300–600 M-1 cm-1. Thus, industrial sources of UV

radiation with wavelengths of 365 and 405 nm [32]

can be used to cure the films. Figure 7 shows the

absorption spectra of HPM films formed from DO,

OT, and DT monomers and sensitized by CDTX. The

thicknesses of HPM films are about 60–70 lm.

Recording of holographic optical elements and

holograms into these photopolymer films is possible

by UV radiation.

Refractive indices

Refractive index is an important parameter that

determines the suitability of monomers and polymers

for the development of the photonics optical ele-

ments. Table 1 shows the measured RIs of the DO,

OT, and DT monomers.

It can be concluded that the replacement of one

oxygen by sulfur in the structure of the synthesized

monomer leads to an increase in the refractive index

of the polymer by * 0.04.

A decrease in chromatic aberrations at the fabri-

cation of optical elements based on the proposed

polymers is important for practical applications in

addition to the RI. Smaller chromatic aberrations are

characterized by large values of the Abbe number,

which is estimated from the refractive indices at

wavelengths corresponding to the Fraunhofer lines C

(656.3 nm), D (589.2 nm), and F (486.1 nm). For DT

monomer and DT polymer, the RIs were measured at

these wavelengths (Table 2). The Abbe number of the

DT polymer was V = 39. In the Abbe diagram, the DT

polymer falls into the area of Barium dense flints,

which is preferable in the manufacture of polymer

optics, waveguides, sealing compounds for LEDs and

holographic optical elements in comparison with

acrylic polymer or polycarbonate which are dense

flints [33].

Figure 5 Transmission spectrum of a polymer film formed from

DT monomer relative to air.

Figure 6 Absorption spectrum of CDTX in acetonitrile (the inset

shows the absorption spectrum in logarithmic scale).
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Figure 7 Absorption spectra of HPM films.
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Holographic characterization study.

Transmittance phase gratings were recorded into a

photopolymer with various monomers on an exper-

imental UV recording setup [6]. The dynamics of

grating formation was registered as the dependence

of the DE on the exposure time. Figure 8 shows such

a typical time dependence of the DE. The DE curve

reaches a steady-state value during this time.

Modulations of the RI of phase diffraction gratings

were calculated using the Kogelnik Eq. (1) from the

recorded steady-state DEs. Modulation of the RI

makes it possible to exclude different thicknesses of

photopolymer layers and to estimate the efficiency of

monomers polymerization under equal conditions.

Figure 9 shows the RI modulation in the photopoly-

mer layer depending on the mass fraction of
monomers Cwt.% = mmonomer/(mmonomer ? mPVA) 9

100%).

It can be seen from the graph that the maximum n1
was achieved when the photopolymer contained

20–30 wt.% monomer. Moreover, for the DT mono-

mer, this fraction was 18 wt.%, OT—25 wt.%, and

DO—30 wt.%. This difference is primarily caused by

the different phase state of the monomers: DT

monomer is a solid powder, while DO and OT

monomers have an oily state at room conditions.

Monomers have different RI, and their introduction

into the photopolymer composition in fractions of

0–20 wt.% gives different efficiency. This is reflected

in the different slopes of the curves in Fig. 9 in the

range 0–20 wt.%. The maximum modulation of RI is

achieved at the fraction of 20 wt.% DT monomer, and

a further increase in the monomer concentration in

the photopolymer only leads to a decrease in the

Table 1 RIs of the studied compounds

# Name n25D (monomer) n25 D (polymer) Dn

DO 1-(1,4-Dioxa-8-azaspiro[4.5]decan-8-yl)prop-2-en-1-one 1.5125 ± 0.0009 1.5433 ± 0.0018 0.0308 ± 0.0027

OT 1-(1,4-Oxathia-8-azaspiro[4.5]decan-8-yl)prop-2-en-1-one 1.5538 ± 0.0006 1.5818 ± 0.0017 0.028 ± 0.0023

DT 1-(1,4-Dithia-8-azaspiro[4.5]decan-8-yl)prop-2-en-1-one 1.583 ± 0.003 1.630 ± 0.005 0.047 ± 0.005

Table 2 RIs of the DT

monomer and DT polymer

correspond to the Fraunhofer

lines

Fraunhofer line Wavelength (nm) n25D (monomer) n25D (polymer)

D 589 1.583 ± 0.003 1.630 ± 0.005

F 486 1.593 ± 0.003 1.642 ± 0.002

C 656 1.574 ± 0.005 1.626 ± 0.001

0 2 4 6 8 10
0

20

40

60

80

100

D
E

,%

time, sec

Figure 8 DE dependence of the hologram in a sample with 25

wt.% DT monomer (sample thickness 90 lm).

Figure 9 Modulation of RIs dependencies on the mass fraction of

monomers in the layer.
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polymerization efficiency. Apparently, this is due to a

significant decrease in the free volume of the inter-

penetrating polymer networks and, as a consequence,

to a decrease in the rate of the polymerization reac-

tion. When more than 35 wt.% monomer is added to

the DT photopolymer, crystallization of the samples

occurs. In the case of DO and OT monomers, the free

volume limitations do not affect until 45 wt.% of

monomer, because they have less diffusion limita-

tions and provide the growth of n1. However, the

photopolymer layer becomes excessively plastic with

a further increase in the monomer fraction. This leads

to degradation of the diffraction grating and a

decrease in the steady state n1 at the fraction of more

than 40 wt.% (Fig. 9).

Light scattering by the diffraction grating

Photopolymer with various monomers showed an

increase in the light scattering of the material in the

DO–OT–DT series in parallel with an increase in the

modulation of the RI of the gratings. An increase in

the light scattering of the photopolymer reduces the

DE of the gratings and limits the resolution of the

recording media. Light scattering leads to the

appearance of the effect of non-local initiation of the

photopolymerization process. ‘‘Noise holographic

gratings’’ caused by the interference of scattered and

incident light in this case are formed [34, 35]. These

gratings are observed as a light circle between the

transmitted and diffracted beams (Fig. 10).

Figure 11 shows photo of diffraction patterns from

holograms recorded in photopolymer layers contain-

ing DO-, OT-, and DT monomers. Minimal light

scattering is observed in the case of a photopolymer

with DOmonomer (Fig. 11a). The photopolymer with

OT monomer showed an increase in light scattering

and the appearance of weak circular scattering

between zero and first diffraction orders (Fig. 11b).

Photopolymer with DT monomer provides noticeable

circular scattering between zero and first diffraction

orders (Fig. 11c). Figure 12 shows the curves of the

relative scattered light intensity in the region of the

zero diffraction order. A significant change in the

scattered light intensity in the series of monomers:

DO–OT–DT is also observed. Greater light scattering

leads to amore intense formation of noise holographic

gratings, on which a part of the active components is

consumed. The formation of noise gratings is a neg-

ative process that leads to a decrease of the first-order

diffraction efficiency. A possible reason for this may

be the incompatibility of the polymer binder and

polymers formed from monomers. The films of cured

monomers in a polyvinyl acetate binder (1:1 wt.%)

were investigated by DMA methods. The storage

modulus (E’), loss modulus (E’’), and loss tangent

(tgd) were recorded as functions of temperature (see

Fig. 13). According to IR spectroscopy data, the con-

version degree of the DO monomer in the PVAc film

was 68%, the OT monomer in the PVAc film was 72%,

and the DT monomer in the PVAc film was 69%.

The maxima on the plots of the loss modulus E’’

and the tangent of the angle of mechanical losses tgd
are associated with glass transitions in the polymer

material. The phase morphology of polymer materi-

als based on polymer mixtures depends on their

compatibility. For compatible polymers, a single glass

transition temperature is observed, which is close to

the additive values depending on the composition.

Mixtures of two incompatible polymers have two

glass transition temperatures, which do not change

depending on the composition and correspond to

homopolymers. Mixtures of two partially compatible

polymers have two or three glass transition temper-

atures and can differ significantly from the glass

transition temperatures of homopolymers. The third

glass transition temperature is associated with the

formation of a significant fraction of the interfacial

layer in which macromolecules of different polymers

are combined. Homopolymer PVAc has one struc-

tural glass transition at TE’’max = 34 �C. For PVAc/
Figure 10 A photo of the diffraction pattern of a hologram

recorded in a photopolymer with a DT monomer.
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OT and PVAc/DT films, two glass transitions are

defined, for PVAc/DO films, three transitions are

defined. The results obtained indicate phase separa-

tion in mixed films during UV polymerization of new

monomers in a PVAc binder.

The data obtained for the DO polymer in the

polyvinyl acetate binder showed the presence of

three peaks on the graphs of the E’’(T)/

tgd(T) (Fig. 13), which correspond to three glass

transition temperatures: 46/50, 63/68, and

118/126 �C (Table 3). This suggests that three phases

are formed. Tg = 46/50 �C corresponds to polyvinyl

acetate (Tg = 34/52 �C, Table 3), Tg = 63/68 �C cor-

responds to a homogeneous structure consisting of

polyvinyl acetate and DO polymer, and Tg = 118/

126 �C corresponds to DO homopolymer in polyvinyl

acetate (T = 139 �C, Table 3).

In the case of the OT polymer in the polyvinyl

acetate binder, two peaks were observed on the

E’’(T)/tgd(T) plot with temperatures of 16/44 and

76/89 �C. Temperature Tg = 16/44 �C corresponds to

polyvinyl acetate. Temperature Tg = 76/89 �C corre-

sponds to a homogeneous structure consisting of

polyvinyl acetate and OT polymer.

Similarly, two peaks were observed for the E’’(T)/

tgd(T) DT plot of the polymer in the polyvinyl acetate

binder. At 53/62 �C, the peak corresponds to a homo-

geneous structure consisting of polyvinyl acetate andDT

polymer, andatTg = 138 �C, thepeak corresponds toDT

homopolymer in polyvinyl acetate (T = 155 �C, Table 3).
Films consisting of polyvinyl acetate and newly

formed DO polymer showed three glass transition

temperature transitions, including a transition asso-

ciated with the formation of a significant fraction of

the interphase layer in which macromolecules of

different polymers are combined. This indicates good

compatibility between the polyvinyl acetate and the

DO polymer. At the same time, films consisting of

polyvinyl acetate and newly formed OT and DT

polymers show two glass transition temperatures

corresponding to the Tg of polyvinyl acetate and the

new polymer. This indicates the absence of a homo-

geneous single-phase morphology of these films.

Such an inhomogeneous structure of photopolymer

holograms allows us to assert that the scattering of

linearly polarized light on them is Rayleigh Scatter-

ing Regime and is determined by the expression [36]:

I ¼ I0
1þ cos2h

2R2

2p
k

� �4 m2 � 1

m2 þ 2

� �2
d

2

� �6

ð3Þ

where I0 is the incident radiation intensity, R is the

distance of the observation point from the scattering

0th order                 1st order 

sample                 hologram 

(a) (b) (c)

0th order                 1st order 0th order                 1st order 

Figure 11 Photos of diffraction patterns of holograms recorded in photopolymers with DO monomer (a), OT monomer (b), and DT

monomer (c). Zero and first diffraction orders, holograms, experimental samples are marked.
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Figure 12 Relative scattered light intensity in the region of zero

diffraction order for photopolymers with different monomers.

(x = 0 is the center of zero-order beam).
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volume, h is the scattering angle, k is the wavelength

of linearly polarized light in the medium, d is the

diameter of small spheres (in our case it is polymer

scatter centers), m = np/ns, where np and ns are the

refractive indices of the polymer and of the sur-

rounding medium.

According to expression (3), the scattered light

intensity is affected by the parameter m—the ratio

between the RI of the newly formed polymer scatter

centers and the polymer binder.

The parameter m (the ratio between the RI of the

formed polymer scatter centers and the polymer

binder) affects the scattered light intensity according

to expression (3). The ratio of RIs of the DO polymer

and polyvinyl acetate is m = 1.05, OT polymer and

polyvinyl acetate: m = 1.08, and DT polymer and

polyvinyl acetate: m = 1.11. This leads to an increase

in light scattering for the OT polymer by a factor of

2.6, and for the DT polymer by a factor of 4.7 in

comparison with the DO polymer. This dependence

corresponds to the data shown in Fig. 12. The integral

area under the curves of the relative scattered light

intensity (Fig. 12) is approximately 100, 300, and

500 units�mm. Thus, the approach to the develop-

ment of HPM, which uses a polymer binder with a

low RI and a monomer with a high RI, may have a

natural limitation associated with an increase in light

scattering when using incompatible polymer

structures.

Another factor that can affect the increase in light

scattering is an increase in the average scatter center

diameter of the polymer formed in the binder during

photopolymerization. The van der Waals radius of

the sulfur atom is about 1.2 times larger than the

oxygen radius, as well as the carbon–sulfur bond *
1.2 times the length of the carbon–oxygen bond,

which leads to the formation of larger polymer scatter

centers and, as a result, to an increase in light

scattering.

In addition, the formation of crosslinks due to the

formation of disulfide bridges is possible for sulfur-

bFigure 13 Elastic modulus E’, loss modulus E’’, tangent of the

angle of mechanical losses tgd dependences on temperature for

films a PVAc, b DO polymer—PVAc 50/50% wt., c OT

polymer—PVAc 50/50% wt., d DT polymer—PVAc 50/50% wt.

992 J Mater Sci (2023) 58:983–995



containing compounds. The reaction is typical for

thiols and organic cyclic disulfides [37]. Sulfur

crosslinks can occur in the case of photopolymeriza-

tion of OT and DT monomers. However, the forma-

tion of the crosslinked polymer will proceed most

efficiently for the DT monomer with two sulfide

groups. During photopolymerization, both –S–S– and

–S–C– crosslinks can form, as shown in Scheme 1.

In a crosslinked polymer, firstly, the diffusion of

monomer molecules to radical centers on polymer

chains is significantly reduced and the growth of an

acrylamide-type polymer is inhibited. In the litera-

ture, the importance of free diffusion of monomer

molecules for the effective growth of polymer struc-

tures during holographic gratings recording has been

shown [38]. A decrease of the monomer molecules

diffusion substantially limited of polymerization

reaction and leads to decrease of DE of holograms.

This negative effect, combined with increased light

scattering, reduces the positive effect of increasing

the difference between the RIs of the binder and the

polymer. Crosslinks also lead to an increase of the

diffusion limitations and scatter center diameter of

the polymer and as result to an increase in light

scattering.

Conclusions

The replacement of two oxygen atoms by sulfur

atoms allows to increase RI of the polymer from

1.5433 (DO) to 1.630 (DT). Taking into account

npoly(vinyl acetate) = 1.467, the difference in RI between

the formed polymer and the binder increased 2.1

times from 0.076 to 0.163. Doubling the difference in

RI allowed expecting a doubling of n1 too, but real

increase of n1 was 1.25 times during holographic

recording. The estimates made showed that the main

reasons for this discrepancy may be a decrease in the

macrodiffusion of the monomer in the binder and an

increase in light scattering by the formed diffraction

gratings. Studies of polymers based on spirocyclic

acryloyl derivatives of 4-piperidone with oxygen and

sulfur atoms in the spirocycles have been carried out

to study this phenomenon. The type of spirocycle

affects the size of scatter centers and their efficiency,

as well as the features of the formation of interpen-

etrating polymer networks in HPM. The thermome-

chanical, refractive, optical, and holographic

properties depend on the type of the spirocyclic (–O–

CH2–CH2–O–, –O–CH2–CH2–S–, –S–CH2–CH2–S–)

too. Particular attention should be paid to the com-

patibility of the new polymer and binder. This is most

Table 3 Glass transition

temperatures of the studied

polymer films measured by

DMA

Film The glass transition #1 The glass transition #2 The glass transition #3

TE’’max, �C Ttgd, �C TE’’max, �C Ttgd, �C TE’’max, �C Ttgd, �C

DO 139* – – – – –

OT 130* – – – – –

DT 155* – – – – –

PVA 34 52 – – – –

PVA/DO 46 50 63 68 118 126

PVA/OT 16 44 76 89 – –

PVA/DT 53 62 – – n/a 138

*The glass transition temperatures measured by DSC

Scheme 1 –S–S– and –S–C– crosslink formation.
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clearly manifested for the studied HPM: DT polymer

in a polyvinyl acetate matrix. Apparently, polyvinyl

acetate does not have sufficient free volume for the

introduction of the polymer network of the DT

polymer. Decrease in the compatibility of the poly-

vinyl acetate binder with sulfur-containing pho-

topolymers confirmed by the DMA method. This in

turn leads to an increase in light scattering.

This observation suggests that the approach aimed

at increasing the efficiency of the HPM by using

sulfur-containing high RI polymers requires taking

into account their phase morphological compatibility

with the polymer binder.
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