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Spectral and diffraction properties of holographic photopolymer

materials with photoinitiating systems based on a charge transfer

complex and a coinitiator
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(Photoinitiating systems, (PIS)) have been developed based on a photosensitive (Charge Transfer Complex,

CTC), butyltris(4-anisyl)borate diethyl-9-oxo-10-(4-heptyloxyphenyl)-9H-thioxanthenonium, and a dye-coinitiator,

Methylene Blue (MB) with butyltris(4-anisyl)borate tetrabutylammonium. Spectral properties and sensitivity of

photopolymer materials based on individual and combined PIS (CTC, MB,CTC-MB) in the holographic recording

mode have been studied. It has been shown that PIS-MB andPIS-CTC have sensitivity in a wide spectral range

(400−700 nm). Using laser radiation with wavelengths λ1 = 457 nm, λ2 = 532 nm and λ3 = 639 nm, monochrome

and color reflection holograms with high diffraction efficiency (50−90%) were formed. Prevention of oxygen

inhibition of radical polymerization in 30µm thick layers of photopolymer materials was experimentally confirmed

using butyltris(4-anisyl)borate tetrabutylammonium as a donor component in CTC and as a co-initiator in MB.

Modulation of the refractive index during hologram recording, both with and without a protective film preventing

oxygen access, was 1n ≈ 0.008.
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Introduction

The (holographic photopolymer materials, HPPM) are

well-known and widely used in the sphere of security

holography, optical memory, displays and sensors due to

their characteristics and user-friendliness [1–7].

Along with this, the mechanisms of holographic recording

and modification of this type of materials are still under

study [8–13]. Major components of HPPM include a poly-

mer binder, monomer and photo-initiating system [14–16].
Important characteristics of PIS are the spectral sensitivity

range, effectiveness of polymerization initiation, and ability

to discolor the sensitizer dye [17].

In case of color holograms the HPPM shall have

spectral sensitivity in the wide range of visible spec-

trum 400−700 nm and a recording energy within

30−70mJ/cm2 [18–23]. One of the approaches to provide

sensitization of radical polymerization is the use of pho-

tosensitive Charge Transfer Complexes (CTC) [24,25]. The
CTC formation mechanism can be described qualitatively as

the result of an electron transfer from the highest occupied

molecular orbital (HOMO) of a donor to the lowest unoc-

cupied molecular orbital (LUMO) of an acceptor. Such PIS

are featuring the following holography-critical parameters:

spectral shift of sensitivity towards the long-wavelength

region compared to the initial donor and acceptor com-

ponents, as well as lower extinction coefficient of CTC

(ε = 10− 103 L·M−1
·cm−1) [24] in contrast to the con-

ventional sensitizer dyes (ε ≈ 104 − 105 L·M−1
·cm−1) [26],

which is applicable in the homogeneous photo-

polymerization in thick layers [27]. Amine/phosphine-

containing compounds are widely used as donor compo-

nents, and iodonium/sulfonium salts are widely used as

acceptors [24,28]. Under the influence of light, CTC is

degraded with formation of an alkyl/aryl radical. It should

be noted that the use of CTCs as initiators of holographic

recording has been little studied.

PIS based on dye-co-initiator(s) are also widely used as

sensitizers in the visible region of the spectrum [29–31].
One of the efficient co-initiators are the salts of

(alkyl)(aryl)borates [32,33], and the mechanism of initiation

of radical polymerization is explained in terms of a pho-

toinduced electronic transition from the borate anion to the

excited dye in a singlet or triplet state [34]. After electron

transfer, alkyl triphenyl borate is disintegrated leading to

formation of the alkyl radical R′• and borane R3B . Figure 1

shows a diagram of the mechanism that leads to the

formation of an alkyl radical.
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Figure 1. Mechanism of alkyl radical initiation using borate salts

as a co-initiator.

Note that the disadvantage of free radical photopoly-

merization is its inhibition by atmospheric oxygen in thin

films [35]. The inhibition occurs due to the formation

of peroxide radicals, which trap the free radicals and

prevent further polymerization. A well-known approach

to neutralizing the effect of oxygen inhibition of radical

polymerization is the use of thiol-containing compounds

in photopolymer compositions [36], which are not always

compatible with other components of the compound. In

this regard, the development of effective PIS without thiol-

containing compounds capable of effective initiation of free

radical polymerization under mild irradiation conditions

(low light intensity and the possibility of polymerization in

air) is still relevant [37,38]. Note that the use of such PIS

will allow the holograms to be recorded in HPPM without

any protective coatings on top of the recording layers, which

introduce additional re-reflections of light and degrade the

quality of the generated hologram.

Earlier in [39], we described a new charge transfer

complex based on borate and sulfonium salts: butyltris(4-
anisyl)2,4-diethyl-9-oxo-10-(4-heptyloxyphenyl)-9H-
thioxanthenonium borate that absorbs in the entire

visible range of the spectrum. This study was intended to

develop and examine the spectral sensitivity of holographic

photopolymer materials based on different PIS (HPPM-MB

and HPPM-CTC, HPPM-MB-CTC) to laser radiation

(λ = 457, 532, 639 nm), assess the diffraction efficiency

of the reflecting holograms, as well as find the possibility

of holograms formation in HPPM with a protection

film preventing the oxygen ingress and without this

film.

Experimental part

CTC-based HPPM

The basic compound of a photopolymer com-

position based on an acrylamide monomer and

a polymer binder polyvinyl acetate was used in

this paper [40]. As PIS we used a charge-

transfer complex butyltris(4-anisyl)2,4-diethyl-9-oxo-10-(4-
heptyloxyphenyl)-9H-thioxanthenonium borate ([S]-[B]),
as well as a two-component photo-initiation sys-

tem, the dye-co-initiator Methylene Blue / butyltris(4-
anisyl)tetrabutylammonium borate ([Bu4N][B]). For struc-

tural formulas of PIS, see Figure 2.

In spectra of initial PIS CTC components, 2,4-

diethyl-9-oxo-10-(4-heptyloxyphenyl)-9H-thioxanthenium
hexafluorophosphate ([S][PF6]) and [Bu4N][B]
there’s no any absorption in the visible part

of the spectrum and when they mix, a

bathochromic shift occurs in the absorption spectrum

(Fig. 3).
The CTC-based compound was obtained by adding

[S][PF6] and [Bu4N][B] into the chloroform solution of

monomer and polymer matrix (c[S][PF6]= [Bu4N][B] = 40

wt% of monomer weight). If this concentration was

exceeded, crystallization of the samples was observed. The

concentration of MB in HPPM-MB was selected according

to the guidelines in [41], where the optical density at

the recording wavelength for reflection holograms should

be within D = 0.25− 0.7, the concentration of [Bu4N][B]
was 40mass% of monomer weight. The holographic

layers HPPM-CTC-MB were also obtained based on a

combination of two PIS. Fig. 4 shows HPPM absorption

spectra.

The thickness of dried photo-polymer layer of HPPM was

d0 = 30− 40 µm. After the solvent had been evaporated,

a protective polyethylene terephthalate film was rolled onto

the photopolymer layer, which prevented oxygen from enter-

ing the photosensitive layer. The thickness measurements of

the samples were carried out using an upgraded interference

microscope MII-4 [42].
Spectral signals of the recorded holograms were detected

using a spectrometer (Avantes) right after irradiation of

HPPM.

Recording and characterization of reflection
holograms

The formation of monochrome and three-color holo-

grams was carried out by sequential recording with laser

radiation: in blue region (wavelength of λ = 457 nm),
green (λ = 532 nm) and red (λ = 639 nm) regions. The

holograms were recorded according to a scheme with two

opposite rays, the angle of convergence of which was 110◦

(in the air) with a ratio of intensities in the detection

plane 1 : 1. The period of formed gratings was (p457 = 0.3,

p532 = 0.35, p639 = 0.41µm). Reflection holograms were

recorded using a system described in detail in [43], the

optical scheme of which is shown in Fig. 5.

The experimental values of diffraction efficiency (DE) of

reflection holograms were estimated using the formula:

ηr =
(

1−
Tr

T0

)

× 100%, (1)

where Tr — transmission values at wavelengths of the

minimum of spectral profile and T0 near its base [44,45].
Examples of the obtained spectral responses are shown

below in Fig. 6.

The characterization of the obtained holograms included

measuring the transmission spectrum of the reflection holo-

gram using a digital spectrophotometer [46] directly during

its recording, estimating the values of DE , modulating the

refractive index and the degree of shrinkage of HPPM

thickness. To calculate the kinetics of the formation of

reflection holograms, transmission spectra were recorded
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Figure 2. Structural formulas of PIS (CTC) and PIS (MB).

in real time on a spectrophotometer with a periodicity of

0.62 s. The kinetic curve is generated using software.

The calculated curves presented below are constructed

taking into account Kogelnik’s formulae [43,47]. The

calculated data were obtained using a [48] software package

to estimate the amplitude of the refractive index modulation

and the nature of changes in the spatial structure of

holographic gratings. The calculation was performed taking

into account the absorption of the material.

Results and discussions

Formation of reflection holograms

From Fig. 3 and 4 we may see that CTC spectra in

solution and HPPM layer have an absorption of up to

600−650 nm in contrast to initial components that absorb

only up to 430 nm. The appearance of an additional

absorption arm is associated with formation of CTC [S]−[B].
The large bathochromic shift of CTC absorption spectrum

compared to the original components makes it possible to

record color holograms using laser radiation with wave-

lengths located in the entire visible range (400−650 nm).
In HPM film, CTC absorption is similar, but there is a

difference in the optical density values. Thus, in chloroform,

the optical density of CTC in 425−475 nm region lies in the

range of D ≈ 0.4− 0.45, and in the polyvinyl acetate film

D ≈ 0.05 − 0.1, which is due to the different thickness of

the absorbing substance. It should be noted that the solvent

can affect the spectral properties of CTC, as well as the

stability of complex compounds [49].

According to Fig. 4, in the absorption spectrum of

HPPM with a photo-initiation system, the dye/co-initiator is

Methylene Blue/butyltris(4-anisyl)tetrabutylammonium bo-

rate contains the main absorption peak of the dye in the red

visible spectrum with a maximum of 670 nm and a weak

Optics and Spectroscopy, 2025, Vol. 133, No. 1
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Figure 3. UF-visible absorption spectra S][PF6] (1),
[Bu4N][B] (2) and CTC [S]−[B] on their basis (3).
(c[S][PF6] = c[Bu4N][B]= 2.5 · 10−6 mol/L) 1.5mg in 1ml

CHCl3. Length of optical path is 1 cm.
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Figure 4. UF-visible absorption spectra HPPM-CTC (1), HPPM-

MB (2) and combined HPPM-CTC-MB (3).

absorption band in the region of 440−540 nm. The optical

density in the area of the absorption band is close to that of

HPMC TC, which makes it possible to record and compare

holograms in this area for both types of PIS under similar

conditions of the initial absorption of the photolayer.

It can also be seen from Fig. 4 that the combination

of the two PISs made it possible to increase the optical

density in the blue-green region of the visible spectrum to

D = 0.1− 0.17.

Figure 6 shows the transmission spectra of reflec-

tion holograms (reflexes) obtained on photopolymer films

HPPM-CTC, HPPM-MB, HPPM-CTC-MB exposed to ir-

radiation by lasers with the wavelengths of 457, 532 and

639 nm. Fig. 6, β-c shows superimposed spectra of recorded

monochrome holograms (in different regions of HPM).
Figure 6, d shows the spectrum of a three-color hologram

formed by parallel (simultaneous) recording with three

lasers).
The spectral shift of the hologram reflections observed in

the above graphs relative to the laser radiation wavelength

is associated with the difference in the angle of convergence

of the beams during hologram recording and the incidence

angle of the probing beam, as well as the effect of

shrinkage of the hologram thickness (≈ 2− 3%) due to

photopolymerization. Summary data on the characteristics

of the recorded reflection holograms are given in the table.

The table shows that the maximum achievable diffrac-

tion efficiency, refractive index modulation, and spec-

tral sensitivity of hologram recording in case of CTC-

based HPPM decrease as the recording wavelength rises

from DE457 ≈ 84% (E457 = 76mJ/cm2) to DE532 = 57%

(E532 = 105mJ/cm2). When the holograms were recorded

by red laser DE639 ≈ 21% was observed, at that, the

recording energy was the lowest (E639 = 223mJ/cm2),
which is due to decreased optical density of HPPM-CTC

from D457 ≈ 0.1 to D639 = 0.01 and, as a consequence, low

absorbed energy.

It is noteworthy that on HPPM-MB, when irradiated with

a red laser λ = 639 nm, in the region of which MB has

the main absorption (D = 0.62), DE ≈ 72% was obtained,

while the recording energy was E639 = 18mJ/cm2.

Weak absorption in HPPM-MB in the blue-green region

(D457 = 0.06 D532 = 0.05) allowed to record holograms

using lasers with the wavelength of λ = 457 and 532 nm

with DE over 40%, however, to reach maximal DE it was

required to increase the recording energy to 50mJ/cm2.

It is known that in HPPM, due to radiation absorption,

hologram recording is uneven in thickness, and therefore

the concept of the effective thickness of the formed

hologram (de f ) is introduced, which can be estimated by

the formula [41,50]

de f = d0 exp
(

−

D
2

)

, (2)

where d0 — physical thickness of HPPM, D — optical

density of hologram at the recording wavelength.

In table we may see the values of the hologram effective

thickness. The effective thickness turns out to be different

for the studied HPPM-CTC and HPPM-MB at the specified

wavelengths due to differences in the optimal values D.

In particular, with the increase of laser radiation wavelength

in HPPM-CTC we may see increase de f 457 = 29µm to

de f 639 = 33µm, while at the same time for HPPM-MB

the effective thickness decreased from de f 457 = 35µm to

de f 639 = 30µm.

It can be seen from the data obtained that as the recording

wavelength increases, the sensitivity of HPPM CTC and

the diffraction efficiency of the generated holograms go

down. At the same time, HPPM-MB has a high sensitivity

in the red region of the spectrum, which predetermined

the combining of PIS and creating hboxHPPM-MB-CTC.

From the table above we may see that by uniting two

PIS in HPPM-MB-CTC we managed to slightly raise the

3 Optics and Spectroscopy, 2025, Vol. 133, No. 1
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Figure 5. System for recording color volume reflection holograms. 1 — lasers; 2 — automated photographic shutter; 3 — collimators;

4 — diaphragms; 5 — neutral light filters; 6 — dichroic mirrors; 7 — beam splitter cube; 8, 9, 10 — flat mirrors 11 — HPPM sample;

12 — halogen lamp to form the white probing light beam; 13 — digital spectrophotometer; 14 — shutters control unit; 15 — computer;

16 — monitor. Indices b, g, r relate to
”
blue“ (457 nm),

”
green“ (532 nm) and

”
red“ (639 nm) channels, respectively.

Characteristics of HPPM and recorded reflective holograms based on them

λrec , D (Optical de f , P, E, DE, 1n (refractive

nm density) µm mW/cm2 mJ/cm2 % index modulation)

HPPM-CTC Monochrome 457 0.09 29 3.8 76 84 0.0077

holograms 532 0.02 31 3.5 105 57 0.006

639 0.01 33 9 223 21 0.0031

HPPM-MB Monochrome 457 0.06 35 3.8 45 43 0.0037

holograms 532 0.05 36 3.5 50 54 0.0051

639 0.62 30 1 18 72 0.01

HPPM-CTC-MB Monochrome 457 0.15 30 3.8 38 47 0.005

holograms 532 0.07 28 3.5 45 48 0.0067

639 0.63 30 1 17 72 0.0097

HPPM-CTC-MB Parallel recording, 457 0.15 25 3.8 19 39 0.0051

three-color 532 0.07 27 3.5 17 41 0.0058

holograms 639 0.63 27 1 5 21 0.0042

photo-polymers efficiency in the blue region of visible

spectrum (E457 = 38mJ/cm2) compared to HPPM-MB

(E457 = 45mJ/cm2), which is explained by higher optical

density of HPPM in the blue-green region from 0.06 to 0.15.

It is noteworthy that in the hologram absorption spectrum

profile obtained on HPPM-CTC-MB at a wavelength of

639 nm, side lobes are visible, which can be explained by

the formation of a more uniform spatial structure of the

hologram grating.

Figure 6, d shows the transmission spectrum of a three-

color hologram formed in HPPM-CTC-MB in parallel

recording mode. Holograms with a close degree of spectral

Optics and Spectroscopy, 2025, Vol. 133, No. 1



Spectral and diffraction properties of holographic photopolymer materials... 35

400

400

500

500

500

500

600

600

600

600

700

700

700

700

0

0

0

0

20

20

20

20

40

40

40

40

60

60

60

60

80

80

80

80

100

100

100

100

T
ra

n
sm

it
ta

n
ce

, 
%

T
ra

n
sm

it
ta

n
ce

, 
%

T
ra

n
sm

it
ta

n
ce

, 
%

T
ra

n
sm

it
ta

n
ce

, 
%

Wavelength, nm

Wavelength, nm

Wavelength, nm

Wavelength, nm

a

c

b

d

 457
 532
 639

 457
 532
 639

 457
 532
 639

Figure 6. Experimental graphs of transmission spectra of reflection color holograms (λrec = 639, 532, 457 nm) with HPPM thicknesses

of d0 = 25− 30 µm: (a) HPPM-CTC; (b) HPPM-MB; (c) HPPM-CTC-MB in the mode of sequential recording, the insert window shows

the appearance of holograms when irradiated by white light; (d) HPPM-CTC-MB in the mode of parallel recording.

responses were created by simultaneous irradiation with

three lasers with optimized power density to form spectral

responses with a close value of diffraction efficiency (see
the Table). Eventually, a three-color hologram war recorded

having DE457 ≈ 39%, DE532 ≈ 41%, DE639 ≈ 21%, with

total refraction index modulation amounting to ≈ 0.015.

It should be noted that such characteristics of the

developed holograms as shrinkage, spectral sensitivity

range, sensitivity value are close to commercially available

photopolymers, which are widely used to create color

holograms [51].

Kinetics of reflection hologram formation

Figure 7 shows kinetic curves of recording the reflection

holograms in MB- and CTC-based HPPM. The samples

had the same optical density at the recording wavelength

of D457 = 0.05.

Fig. 7 shows that HPPM-CTC has a lower reactivity

compared to HPPM-MB. The induction period was

increased from 0.6 to 1.2 s for HPPM-CTC, and the curve

saturation is observed for HPPM-CTC during 5 s, after

which a small growth of DE from 45 to 50% occurs

during 5 s. The kinetic saturation curve for HPPM-MB

is observed for 4 s, after which further growth stops. So,

we can conclude that an increase in the recording power

density made it possible to initiate radical polymerization in

HPPM-MB more efficiently than in samples of HPPM-CTC.

Prevention of oxygen inhibition in HPPM-CTC,
HPPM-MB

To identify the possibility of preventing oxygen inhibition

in thin layers of HPPM-MB and HPPM-CTC, we detected

the kinetics of reflection holograms recording in HPPM

without protective films preventing oxygen ingress (Fig. 7).
It can be seen that the holograms recorded on HPPM-MB

and HPPM-CTC, both with and without protective film

preventing oxygen ingress, have similar kinetic curves

(Fig. 7). The induction period for HPPM didn’t exceed

1 s. HPPM-CTC spectra with a protective film applied

have a higher initial rate of change in the refractive index

modulation than without this film. For HPPM-MB the rates

of hologram recording are similar. After reaching saturation,

the formed holograms had a close value of the refractive

index modulation of materials 1n ≈ 0.008. Thus, the use of

borate salt both as a donor component in PIS-CTC and as a

co-initiator with MB effectively prevents oxygen inhibition

of radical polymerization and allows holographic recording

without protective coatings of recording layers.

3∗ Optics and Spectroscopy, 2025, Vol. 133, No. 1



36 D.I. Derevyanko, V.V. Shelkovnikov, E.F. Pen, S.I. Aliev, V.V. Bardin, A.D. Bukhtoyarova

0 2 4 6 8
0

0.002

0.004

0.006

0.008

0.010

∆
n

1

2
3

4

Time, s

Figure 7. Kinetic curves of the change in the refractive

index modulation of materials with and without a protective

film when recording the reflection holograms (λrec = 457 nm,

I = 29mW·cm−2): HPPM-MB (D = 0.03) (1, 2), HPPM-CTC

(D = 0.1) (3, 4) with ingress (1, 3) and without ingress (2, 4) of

oxygen.

Conclusion

Holographic photopolymer materials have been devel-

oped using new photo-initiating systems based on a photo-

sensitive charge transfer complex: butyltris(4-anisyl)diethyl-
9-oxo-10-(4-heptyloxyphenyl)-9H-thioxanthenonium borate

and Methylene Blue photo-initiation systems: butyltris(4-
anisyl)tetrabutylammonium borate. The spectral character-

istics of CTC in solution and polymer matrix have been

studied, and the holographic characteristics of HPPM have

been compared with those of various PIS in sequential and

parallel recording of color holograms.

It was demonstrated that PIS are featuring sensitivity in a

wide spectral range. Through combining two PIS it became

possible to increase the sensitivity of HPPM in the blue

region from 45mJ/cm2 to 38mJ/cm2.

Monochrome reflection holograms were formed using

laser radiation with wavelengths of 457, 532, and 639 nm.

Using parallel recording with three lasers, a three-color holo-

gram was formed in HPPM-CTC-MB with DE457nm ≈ 40%,

DE532nm ≈ 43%, DE639nm ≈ 19%.

It was revealed that the use of PIS based on butyltris(4-
anisyl) borate makes it possible to effectively prevent oxy-

gen inhibition allowing to record the reflection holograms

without using protective films on top of the recording layer.
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