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A B S T R A C T   

Nowadays, the lack of suitable photoinitiators (PI) and photoinitiating systems (PISs) represents the utmost 
challenge in 3D-VAT printing. High photoinitiating efficiency is needed for example in the presence of nanofillers 
such as carbon nanotubes (CNTs) which absorb and scatter light. Many prominent PISs contains iodonium salt as 
an initiator and a second component as a photosensitizer. This study addresses the high demand for innovative 
PISs with improved photoinitiating efficiency by a complete cycle of research: from the synthesis of new biphenyl 
derivatives, through their employment as photosensitizers of iodonium salt for light-induced cationic, free- 
radical, and hybrid polymerization processes, to the representative application in 3D printing processes such 
as digital light processing (DLP) or laser printing. The ultimate performance of the newly synthetized compounds 
was tested by preparing 3D-printable photosensitive nanocomposite resins filled with CNTs as a nanoscale filler. 
Their photopolymerization kinetics as well as the effect of the CNT concentration on the crosslinking were 
analyzed via real-time FTIR and photo-rheology. The printouts were observed with optical microscopy and 
scanning electron microscopy. In addition, the key printing parameters were determined, i.e. Ec (critical energy 
to initiate polymerization) and Dp (penetration depth of curing light). Our results evidence the capability of the 
synthetized compounds to take part in the photoinitiating systems of complex and demanding 3D printing 
applications.   

1. Introduction 

Light. Underestimated on a daily basis, but in fact essential to every 
human being. Light is a key element in our lives and has been used since 
the time begun to maintain health, or to work productively after dark. 
Light is also the excellent "substrate" for many processes used exten
sively in various areas of life and science. One of the process that has 
taken science and industry by storm is light-initiated polymerization 
process, so called photopolymerization [1–6]. This type of polymeriza
tion has been widely used in the coating industry, in the polygraphic 
industry or for the production of solvent-free paints, varnishes and ad
hesives [7,8]. On the other hand, photopolymerization is widely used in 
the medical industry [9], e.g. in dentistry to fill dental cavities [10], for 
targeted drug therapy [11] or in materials engineering to produce 
hydrogel materials [12–14]. Numerous advantages of this process such 

as no need for solvents, short reaction times, and conducting the reac
tion at room temperature make photopolymerization a significant 
contribution to the development of these fields. One technology that 
increasingly combines polymerization processes and light is 3D printing 
[15–18]. So called 3D-VAT printing is one of the methods of additive 
manufacturing, which, due to the unprecedented shape control and lack 
of need for molds and mechanical processing of objects, is considered to 
be one of the most advanced methods of material production [19–27]. 
3D printing techniques based on photopolymerization, such as stereo
lithography (SLA) or digital light processing (DLP) are currently 
attracting much attention due to their versatility and customizability 
[28,29]. They are characterized by a number of advantages: high 
spatio-temporal control over the process, production of materials with a 
well-defined geometry and high optical resolution, while maintaining 
reasonable material build rates. 
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Composite materials are a class of multifunctional materials that are 
immensely popular due to their beneficial properties. Particularly 
noteworthy are nanocomposite materials, in which the addition of a 
filler with a dimension at the nanoscale significantly changes the final 
properties of the product, such as improves its thermo-mechanical 
properties [30–32], increases heat resistance, provides conductive 
properties and many others. The final properties depend on the selection 
of a suitable nanofiller, of which the widely used additives are carbon 
nanotubes (CNTs) [33–35], silica [36–39], aluminum oxides [40], clays 
[41], natural [42] and polymeric fibers [43]. Standard additive methods 
for obtaining composite materials focus on techniques such as PolyJet, 
Binder Jetting, FDM, etc., which are dedicated to materials of significant 
size without the possibility of precise spatio-temporal control over the 
resin curing process [35,44]. The use of the photopolymerization tech
nique makes it possible to print nanocomposite materials of desired 
geometries, at reasonable printing rates, with no need of further me
chanical processing of the finished element [45–48]. Although 3D-VAT 
printing techniques are in the scientific spotlight, the fabrication of 
nanocomposite materials using SLA or DLP printing is still flawed. The 
presence of a filler often reduces the speed of the photopolymerization 
process and hinders the fabrication of the final material, due to, inter 
alia, the self-agglomeration of the nano-additive in the resin, or the fact 
that dark fillers absorb light and light fillers scatter light, making it 
difficult for the light to act uniformly on the sample. Moreover, these 
effects further depend on the spatial arrangement of nanoparticles 
which, in a liquid medium, is controlled by a complex balance of forces 
[49,50]. Therefore, finding the right composition of a photo-curable 
resin: monomer/monomers, initiating system, additives, as well as 
adjusting the right 3D printing conditions is constantly a topic of work 
for researchers around the world. 

The numerous difficulties caused by the presence of nanometric filler 
in the resin make the fabrication of nanocomposite materials via tech
niques such as DLP still a challenge for both the scientific and industrial 
environments. In the course of research, we have demonstrated that the 
use of a suitable initiating system plays a key role in photo
polymerization processes and can extend the application capabilities of 
raw materials in which it is used. In the previous work, we have reported 
on a series of biphenyl derivatives as iodonium salt sensitizers, in order 
to find effective photoinitiating system for various light induced poly
merization processes. The first group of biphenyl derivatives were 2- 
amino-4-methyl-6-phenyl-benzene-1,3-dicarbonitrile derivatives, 
which efficiently initiated various photopolymerization processes in 
particular using light in the soft UV range – @365 nm, but also enabled 
high resolution printing using laser engraver [51]. In another approach, 
we decided to replace the chromophore of the biphenyl derivatives and 
introduced derivatives named: 2-(diethylamino)− 4-(1-ethylpropyl)−
6-phenyl-benzene-1,3-dicarbonitrile derivatives [52]. The incorporation 
of diethylamine in positions two provided an improved absorbance 
spectrum of these compounds, which in turn provided higher initiation 
efficiency at 405 nm. 

However, in the search for an "ideal" initiation system, we decided to 
use a third group of derivatives: 2-(diethylamino)− 4-methyl-6-hetero
arylbenzene-1,3-dicarbonitriles to investigate how the proposed chro
mophore affects the photosensibilizing properties of these compounds. 
Thus, three groups of biphenyl derivatives characterized by three 
different chromophores and six different substituents have been 
compared in this study, in terms of their spectroscopic, electrochemical 
and thermodynamic properties. Subsequently, the performance of these 
derivatives in free-radical, cationic and hybrid photopolymerization 
reactions was investigated by forming IPN-type networks. With the 
example of previous derivatives, we have also analyzed the initiation 
mechanism of these two-component initiating systems under photo- 
reduction cycle with amine as a co-initiator and photo-oxidation with 
iodonium salt as a photoinitiator. This extensive research has led to the 
employment of selected biphenyl derivatives in a two-component initi
ating system dedicated to photosensitive polymer resins for 3D printing, 

including carbon nanotube-containing nanoresins. The effect of the 
nanofiller on the kinetics of the photopolymerization process was 
analyzed using real-time FT-IR and photo-rheology, which was crucial 
for improved selection of the resin composition and optimization of the 
printing parameters itself. In addition, key printing parameters were 
determined, i.e. Ec (critical energy to initiate polymerization) and Dp 
(penetration depth of curing light). We have demonstrated the feasi
bility of preparing photosensitive resins containing biphenyl–iodonium 
salt initiating system and printing CNTs nanocomposite materials of 
significant dimensions using digital light processing-based printing 
(DLP), and we have characterized the finished printouts using optical 
microscopy and scanning electron microscopy. 

The increased interest in light-based additive technologies, or so- 
called 3D-VAT printing, has caused researchers to continually search 
for suitably efficient initiating systems for use in this process. However, 
in the case of using additive technologies for the production of nano
composite materials, most of the scientific articles focus on the intro
duction of a nano-additive into a commercial resin and on the study of 
the properties of the finished material, while the initiation process itself 
is pushed into the background. Some articles focus also on the selection 
of the initiator itself and the most commonly used are phosphine oxide 
derivatives such as: (2,4,6-trimethyl benzoyl diphenyl phosphine oxide) 
(TPO) or bis(2,4,6-trimethylbenzoyl)-phosphineoxide (BAPO) [53–55]. 
Gonzalez, et al. demonstrated in their work on the manufacturing of 
three-dimensional nanocomposites containing CNTs that the use of 
BAPO initiator in amounts up to 6% by weight, does not achieve the 
desired level of monomer conversion and the conversion stops at about 
80% [56]. It is worth mentioning that the necessity to use BAPO even at 
the level of 3% by weight causes numerous problems with the miscibility 
of photosensitive resin with photoinitiator and causes numerous tech
nological problems. Two-component initiating systems for 3D printing 
applications have also been reported in the literature, but they mainly 
focus on printing with resins that do not contain nano-additives, and 
finding a suitable fast two-component initiating system to obtain 3D 
nano-materials using a commercial DLP 3D printer with low intensity 
visible LEDs is still an ongoing research topic [57–59]. Despite the recent 
developments in high-efficiency photoinitiators [22,60], the newly 
synthesized compounds presented in this work push the performance of 
photoinitiation and photopolymerization processes to an even higher 
level. Their implementation in 3D printing allows, among others, to 
reduce the processing time, print thicker layers up to a millimeter range, 
or improve the printing accuracy even for nanocomposites with a high 
content of wide-range absorbing nanofillers such as carbon nanotubes. 
Our study also proves the feasibility of printing viscous resins without 
the need for lowering the viscosity with reactive diluents, which further 
extends the versatility of this additive manufacturing technique and 
effectively oppose the increased viscosity often accompanying the 
addition of nanofillers. 

2. Experiments 

2.1. Materials 

Three series of biphenyl derivatives were investigated for the role of 
photosensitizer in various photopolymerization reactions and ultimately 
for use in 3D printing techniques. The A, B, and C series contained de
rivatives based on a single chromophore in each group, but with 
different substituents (Fig. 1, columns). The derivatives in the rows 
(Fig. 1) had the same substituents but differed in the chromophore. The 
full names of all derivatives from the A, B, and C series are listed in the 
Supplementary Information while their structures are displayed in the 
Fig. 1. A detailed information regarding the synthesis of the biphenyl 
derivatives as well as the results of 13C NMR, 1H NMR analyses are 
summarized in the Supplementary Information (Figs. S1–S17). 

The following components were used for the initiation reaction: 
iodonium salt Speedcure 938: bis-(4-t-butylphenyl)iodonium 
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hexafluorophosphate (IOD, from Lambson Ltd., Wetherby, UK) as a 
commercial photoinitiator or 2) with methyl diethanolamine (MDEA, 
Sigma Aldrich) as a co-initiator in type-II photoinitiating systems. In 
addition, 2,4-diethyl-9 H-thioxanthen-9-one (DETHX, from Sigma 
Aldrich) was applied as a commercial sensitizer. Two types of monomers 
were used for the standard investigation of light induced polymerization 
processes: trimethylolpropane triacrylate (TMPTA, from Sigma Aldrich) 
for free-radical photopolymerization and 3,4-epoxycyclohexylmethyl- 
3,4-epoxycyclohexane-carboxylate (CADE, from Lambson Ltd., 
Wetherby, UK) for cationic photopolymerization. In addition, the 
following monomers were used for 3D printing applications: di(ethylene 
glycol) dimethacrylate (DEGDMA, from Sigma Aldrich), di(ethylene 
glycol) diacrylate (DEGDA, from Sigma Aldrich), 2-Hydroxyethyl 
methacrylate (HEMA, from Sigma Aldrich) and bisphenol A ethoxylate 
diacrylate (BEDA, from Sigma Aldrich). Multiwalled carbon nanotubes, 
NC7000™, for the nanocomposite formation were kindly provided by 
Nanocyl S.A. (Sambreville, Belgium). Structures of the used materials 
are shown in Fig. S18 in Supplementary Information. 

2.2. Spectroscopic characteristics 

2.2.1. Absorption properties 
TEC-X2 spectrometer (from StellarNet, Inc., Tampa, FL, USA), 

equipped with a broadband SL5 Deuterium Halogen Light Source for 
UV–VIS (from StellarNet, Inc., Tampa, FL, USA), was used for the 

investigation of absorbance properties of biphenyl derivatives in 
acetonitrile, at 25 ◦C. Measurements were carried in quartz cuvette with 
the optical path of 10 mm. 

2.2.2. Fluorescence quenching 
FluoroMax-4P spectrofluorometer (Horiba, Kyoto, Japan) was uti

lized in order to investigate fluorescent quenching of the series A - 2- 
amino-4-methylbenzene-6-heteroaryl-1,3-dicarbonitriles; series B - 2- 
(diethylamino)− 4-methyl-6-heteroarylbenzene-1,3-dicarbonitriles; se
ries C - 2-(diethylamino)− 4-(1-ethylpropyl)− 6-heteroarylbenzene-1,3- 
dicarbonitriles in the presence of iodonium salt (IOD) at concentration: 
2,7⋅10− 2 mol/dm3. 

2.2.3. Fluorescence lifetime 
Spectrometer EasyLife™ (Fluorescence Lifetime Fluorometer by 

Photon Technology International (PTI), currently a part of Horiba) was 
used to record the fluorescence decay curves of biphenyl derivatives in 
acetonitrile. A pulsed LED at 310 nm was applied as a source light. 
Colloidal silica solution (MW 60.08) in water – Ludox® (from Sigma 
Aldrich) was used as a reference for these experiments, and the fluo
rescence lifetimes (τ) were estimated by fitting the decay curves via a 
deconvolution procedure available in the Fluorescence Decay Analysis 
Software. 

Fig. 1. Structures of biphenyl derivatives investigated with this study: series A - 2-amino-4-methylbenzene-6-heteroaryl-1,3-dicarbonitriles; series B - 2-(dieth
ylamino)− 4-methyl-6-heteroarylbenzene-1,3-dicarbonitriles; series C - 2-(diethylamino)− 4-(1-ethylpropyl)− 6-heteroarylbenzene-1,3-dicarbonitriles. 
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2.3. Electrochemical characteristic determination of oxidation and 
reduction potential 

Cyclic voltammetry was used to determine the oxidation (Eox vs Ag/ 
AgCl) and reduction potentials (Ered vs Ag/AgCl) of biphenyl derivatives 
from series A, B, and C. Electrochemical Analyzer M161 and the Elec
trode Stand M164, from MTM-ANKO, Cracow, Poland was equipped 
with tetrabutylammonium hexafluorophosphate (0.1 M) (from Sigma 
Aldrich) as a supporting electrolyte, a silver chloride electrode – Ag/ 
AgCl as a reference and a platinum disc as the working electrode. Process 
parameters were: a scan rate of 0.1 V/s; ferrocene was used as a standard 
and the potentials were determined from the half peak potentials. 

The Gibbs free energy ΔGet for an electron transfer between the 
components of the photoinitiating system were calculated from the 
obtained oxidation and reduction potentials using the following 
formula: 

ΔGet = F[Eox (D
/

D•+ ) – Ered (A•−
/

A)] – E00 –(Ze2/εa)
(1)  

where: Eox (D/D•+) is oxidation potential of the electron donor, Ered 
(A•− /A) – the reduction potential of the electron acceptor, E00 – the 
excited state energy, (Ze2/εa) the electrostatic interaction energy for the 
initially formed ion pair. The parameter (Ze2/εa) is negligible in polar 
solvents. The excited state energy was determined from the excitation 
and emission spectra using a FluoroMax-4P spectrofluorometer (Horiba, 
Kyoto, Japan). All spectra were recorded at varied excitation wave
lengths in the range of 200–800 nm. 

2.4. Real-time FT-IR experiments 

The kinetics of light induced polymerization processes was investi
gated using the real-time FT-IR method with FT-IRi10 NICOLET™ 
spectrometer with a horizontal adapter (from Thermo Scientific, Wal
tham, MA, USA). The compositions and quantities were determined 
based on the mass ratios of the initiating system components in relation 
to the amount of monomer/monomers used. Samples were prepared in a 
darkened room, where the only light source was red light. The monomer 
conversion can be determined based on the changes in the absorbance of 
the analyzed sample, namely the decrease in the absorbance of peaks 
responsible for functional groups or bonds involved in the curing pro
cess, using the following formula: 

Conversion [%] =

(

1 −
Area after polymerization

Area before polymerization

)

∗ 100 % (2) 

The characteristic absorbance peaks for investigated monomers are 
described below in detail for each photopolymerization individually. 

Since the employed photosensitizers - biphenyl derivatives had an 
absorption range reaching the visible region, the following light sources 
were used for photopolymerization studies: 405 nm M405L4 Vis-LED 
diode (CW=0,7 A, from Thorlabs Inc., Tampa, FL, USA) and 415 nm 
M415L4 Vis-LED diode (CW=0,7 A, from Thorlabs Inc., Tampa, FL, 
USA). The power of light was regulated by a DC2200 regulated power 
supply (from Thorlabs Inc., Tampa, FL, USA). The UV-LED was started 
with a 10 s delay from the start of the procedure. The distance between 
irradiation sources and formulations was 2.1 cm. 

2.4.1. Cationic photopolymerization of epoxide monomer 
The photocurable compositions consisted of epoxy monomer CADE 

and appropriate initiating system: IOD (1.0 wt%) and biphenyl de
rivatives (0.1 wt%). Amounts of photo-initiating systems were calcu
lated according to the quantity of the used monomer. A mixture of 
iodonium salt (IOD; 1.0 wt%) and CADE monomer was used as a 
reference and as a second – commercial reference, two component 
photoinitiating system were applied: IOD (1.0 wt%) and DETHX (0.1 wt 
%) with CADE monomer. The experiments were carried out in laminated 

conditions (on the BaF2 pallet; thickness 25 µm) and the epoxy content 
was continuously followed under air at about 790 cm− 1 for 800 s 

2.4.2. Free-radical photopolymerization of acrylate monomer 
A mixture of the TMPTA acrylate monomer and a two-component 

initiating system: IOD (1.0 wt%) and biphenyl derivative (0.1 wt%) 
was investigated. Quantities of initiator system were recalculated rela
tive to the amount of monomer used. As a reference a mixture of iodo
nium salt (IOD; 1.0 wt%) and TMPTA monomer was used, and as a 
second – commercial reference, two component photoinitiating system 
were applied: IOD (1.0 wt%) and DETHX (0.1 wt%) with TMPTA 
monomer. The laminated samples (between two polypropylene films; 
thickness 25 µm) were deposited on a horizontal holder for FT-IR 
spectrometer and were irradiated. The evolution of the double bond of 
acrylate was monitored at 1.635 cm− 1 for 400 s 

2.4.3. Hybrid photopolymerization of epoxide/acrylate mixture 
The following resin was used for the formation of Interpenetrating 

Polymer Networks (IPNs): a mixture CADE epoxy monomer and TMPTA 
acrylate monomer in mass ratio 1:1, and a photo-initiating system 
consisted of biphenyl derivative (0.1 wt%) and IOD (1.0 wt%). The 
polymerization process was carried out under three measurement con
ditions: in air (on a BaF2 pellet; sample thickness ~25 µm), in air (in the 
ring form; sample dimension: 1.5 mm thickness and 12 mm diameter), 
in laminate (between two polypropylene films, sample thickness 
~25 µm). The double bond content of acrylate monomer was continu
ously followed at about 1.635 cm− 1 and epoxy content – at about 
790 cm− 1 for 600 s 

2.4.4. Free-radical photopolymerization with biphenyl/MDEA as type ii 
initiating system 

Series A: 2-amino-4-methylbenzene-6-heteroaryl-1,3-dicarboni
triles, series B: 2-(diethylamino)− 4-methyl-6-heteroarylbenzene-1,3- 
dicarbonitriles, series C: 2-(diethylamino)− 4-(1-ethylpropyl)− 6-heter
oarylbenzene-1,3-dicarbonitriles (0.1 wt%), together with amine 
(MDEA) as co-initiator (1.5 wt%), were investigated as type II photo
initiating system dedicated for free-radical photopolymerization of 
acrylate monomer – TMPTA. The experiments were carried out in 
laminate conditions (between two polypropylene films; sample thick
ness 25 µm). The evaluation of double bond content was continuously 
monitored at about 1.635 nm− 1 for 400 s 

2.4.5. Free-radical photopolymerization during the formation of CNTs 
composites 

For the MWCNTs composite formation following resins were pre
pared: selected biphenyl derivative of 2-(diethylamino)− 4-(1-ethyl
propyl)− 6-(4-thianthren-1-ylphenyl)benzene-1,3-dicarbonitrile, BI- 
PH-5 C (0.2 wt%), IOD (2.0 wt.) and mixture of diacrylate monomers: 
DEGDA/DEGMA (1/1.5 wt%). Various MWCNTs content were used for 
this experiments: 0.1%; 0.25%; 0.5% and 1.0% (by weight). As a 
reference a mixture of iodonium salt/BI-PH-5 C (1/0.1 wt.) and mono
mers: DEGDA/DEGMA (1/1.5 wt%) was applied. The experiments were 
carried out in air, in the ring form, sample dimension: 1.5 mm thickness 
and 12 mm diameter. The content of double bond of methacrylate was 
followed between 6100 cm− 1 and 6230 cm− 1 for 600 s 

2.5. 3D-VAT printing 

2.5.1. Laser 3D printing 
A Laser Engraver Printer machine (NEJE DK-8-KZ) was applied in 

order to obtain the laser write printout under laser source of light at 
405 nm (spot diameter, ~75 µm). Various composition were examined: 
1) BI-PH-5B (0.1 wt%) + IOD (1.0 wt%) + mixture of monomers: 
CADE/TMPTMA (1/1 wt.) (laser intensity: 100 mW/cm2); 2) BI-PH-5B 
(0.1 wt%) + IOD (1.0 wt%) + mixture of monomers: CADE/TMPTMA 
(1/1 wt.) (laser intensity: 100 mW/cm2); 3) IOD/BI-PH-5 C (1/ 

W. Tomal et al.                                                                                                                                                                                                                                  



Additive Manufacturing 48 (2021) 102447

5

0.1 wt.) + 0.25 wt% of CNTs and monomers: DEGDA/DEGMA (1/ 
1.5 wt%) (laser intensity: 200 mW/cm2). 

2.5.2. DLP 3D printing 
3D objects evaluated in this study were printed via digital light 

processing DLP, using two DLP printer: 1) Zortrax Inkspire (from Zor
trax, Poland) with averaged light output 2.72 mW/cm2; 2) Anycubic 
Photon Mono (from Anycubic, China) with averaged light output 
6.93 mW/cm2. First, the CAD files of the designed models were created 
using Fusion360® software (from AutoDesk) and then the printing 
procedure was caried out at room temperature. 

2.6. Nanocomposite resins 

The following composition were prepared: BI-PH-5 C (0.2 wt%), IOD 
(2 wt%), DEGDMA/DEGDA monomers in a weight ratio of 1.5:1, and 
CNTs nanofillers, in weight amounts of: 0%, 0.1%, 0.25%, 0.5%, and 
1.0%. The concentration of each component was calculated based on the 
monomers total weight. First, the Jacobs working curves were investi
gated followed by the photopolymerization kinetics and the effect of 
nanofiller concentration which were analyzed using a real-time FT-IR 
and photo-rheology. Finally, the 3D printing experiments were carried 
out using an Anycubic Photon Mono printer. 

2.6.1. Jacob working curves 
For the additive manufacturing of nanocomposite materials, Jacob 

working curves were created first in order to determine two key pa
rameters: Ec (critical energy to initiate polymerization) and Dp (pene
tration depth of curing light) [61]. The relationship between curing 
intensity, curing time and curing depth can be expressed by a "working 
curve" as described by Jacob [62,63]. The values of these parameters are 
directly related to the type of resin, as its absorption, thus light pene
tration depth follows Lambert-Beer’s law. Developing a Jacobs working 
curve has become the fundamental procedure for testing new resins 
when used in 3D printing [64,65], based on the Jacob’s equation below: 

Cd = Dpln
[

E0

Ec

]

(3)  

where: Cd is the thickness of the cured resin, E0 is the energy that was 
utilized to cure the resin, which is determined by the output of the 
printer and the curing time of the sample. Ec is the critical energy needed 
to start the photopolymerization (curing) process, and Dp is the depth of 
cure. 

Using the Jacob working curve (Cd=f(E0) as logarithmic), these two 
key parameters can be easily determined: Ec as the intersection of the 
graph with the X-axis and Dp as the slope of the curve. 

2.6.2. Photo-rheological evaluation of nanocomposite photo-curing 
Photo-rheological tests were performed using an Anton Paar 

Rheometer (Physica MCR 302) equipped with UV Light Curing System 
with a 20 mm parallel plates geometry (Fig. S127). As a source of light 
OmniCure® Series2000 lamp (product of Lumen Dynamics®, Canada) 
with bandpass filter to limit the wavelengths of light to 400 – 500 nm 
(part: P019–01047R) was applied, with light output set to 6.5 
[mW∙cm− 2] at the surface of the sample. The light intensity was 
measured by an PM160 - Si Sensor Power Meter (from Thorlabs Inc., 
Tampa, FL, USA). In the experiment, the distance between the two plates 
was set at 0.2 mm, with constant frequency of 10 Hz and strain ampli
tude of 1%. Light was turned on after 120 s after the start of the mea
surement in order to stabilize the system. 

2.6.3. Characterization of 3D printed samples 

2.6.3.1. Digital microscope. Digital microscope DSX1000 with an 
objective lens DSX10-SXLOB3X with a magnification of 42–420X 

(Olympus, Japan) was applied for the observation of 3D printouts. 

2.6.3.2. Scanning electron microscope (SEM). For the imaging of 3D 
printouts morphology Mira3 XMU (Tescan, Czech Republic) was used. 
For the SEM investigation two samples were chosen: 1) hybrid printout – 
BI-PH-5B (0.1 wt%), IOD (1.0 wt%) and mixture of monomers: CADE/ 
TMPTA (1/1 wt%); 2) nanocomposite printout – BI-PH-5C (0.2 wt%), 
IOD (2.0 wt%), CNTs (0.25 wt%) and mixture of monomers: DEGDA/ 
DEGMA (1/1.5 wt%). Before the measurements the sample were coated 
with a 12 nm thin gold layer sputtered with ACE 600 coater (Leica, 
Germany) to ensure electric conductivity of the samples. The 
morphology of printouts was obtained at different magnifications in the 
resolution regime with the accelerating voltage of 10 kV using a stan
dard Everhart-Thornley secondary electron (SE) detector and a low 
energy backscattered electron (BSE) detector. 

3. Results 

3.1. Spectroscopic properties 

In order to fully characterize the spectroscopic properties of inves
tigated biphenyl derivatives, the absorbance spectra, fluorescence 
quenching and fluorescence lifetime were measured and analyzed. The 
absorption properties of thee, newly discovered, group of biphenyl de
rivatives in acetonitrile: series A: 2-amino-4-methylbenzene-6-hetero
aryl-1,3-dicarbonitriles; series B: 2-(diethylamino)− 4-methyl-6- 
heteroarylbenzene-1,3-dicarbonitriles; series C: 2-(diethylamino)− 4- 
(1-ethylpropyl)− 6-heteroarylbenzene-1,3-dicarbonitriles in acetoni
trile are shown in Fig. 2, in the form of the molar extinction coefficient 
versus wavelength. All derivatives exhibit excellent absorption charac
teristics in the soft-UV and visible range, allowing the use of light from 
the safe visible range: LED @ 405 nm and even LED @ 415 nm. 

Comparing the derivatives between the different series, it can be seen 
that changing the chromophore of these compounds directly affects the 
absorption characteristics: series A has the least extended spectrum to
wards longer wavelengths, thus these derivatives will be most effective 
using LED @ 405 nm and LED @ 365 nm light sources. However, the 
introduction of a diethylamine group at position two (B and C series) 
shifts the absorption bands of this groups towards longer wavelengths. 
In addition, the effect of substituents is noticeable, of which, as can be 
seen in Fig. 2, the proposed substituents do not significantly affect the 
absorption wavelength range, but the value of the molar extinction co
efficient at specific wavelengths. 

Table 1 contains spectroscopic data for the A, B, C series of the 
investigated biphenyl derivatives, with the molar extinction coefficient 
values determined at wavelengths corresponding to those of the light 
sources used in the kinetic studies. 

3.2. Determination of usefulness of biphenyl derivatives as 
photosensitizers of iodonium salt for initiation of free-radical 
photopolymerization of acrylate monomer 

The most popular type of photopolymerization are free radical 
polymerization processes, and they benefit from the wide range of 
monomers used in these reactions, including methacrylate and acrylate 
monomers. The major drawback of radical photopolymerization pro
cesses is the phenomenon of oxygen inhibition, which causes quenching 
of the excited states of the initiator by oxygen and consequently reduces 
the efficiency of the whole process. This type of polymerization is mainly 
initiated by radical initiators, but numerous scientific works have 
proven that the use of a dual-type initiating system based on a cationic 
initiator, e.g. iodonium salt, and an appropriate photosensitizer also 
effectively initiates radical photopolymerization processes. Therefore, 
the reported biphenyl derivatives together with iodonium salt (IOD) 
were proposed as an effective dual-type initiating system dedicated to 
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initiate the polymerization processes of acrylate monomer TMPTA. The 
initiating system was in the weight ratio: 0.1/1.0% - biphenyl deriva
tive/IOD, and quantities were calculated relative to the monomer con
tent. A mixture of: TMPTA and IOD (1.0%) was used as references. 
Conversion-time profiles for the two irradiation conditions under 
visible range: Vis-LED @405 nm are shown in Fig. 3, and under Vis-LED 
@415 nm are included in Supplementary Materials in Fig. S128. 

As expected after the analysis of the absorption characteristics of 
these compounds, series A: 2-amino-4-methylbenzene-6-heteroaryl-1,3- 
dicarbonitriles turned out to be the weakest compared to the derivatives 
of series B and C - series A achieved similar conversion values upon 
illumination with 405 nm light, but the slope of the kinetic curve is by 
far the lowest for this group. However, all derivatives from this series 
except BI-PH-3A efficiently initiate photopolymerization processes at 
405 nm, while the introduction of diethylamine group at position 2 in 
series B and C significantly improves the rate of the acrylate monomer 
polymerization process. When using light at 415 nm, the use of IOD/ 
biphenyl derivative initiating systems at 1.0/0.1 wt% is inefficient, 
while their performance can be improved by increasing the concentra
tion of the initiating system. In contrast, the derivatives from the B and C 
series perform excellently with the LED light source @415 nm, 
achieving acrylate conversion values up to 55%. When applying light at 
405 nm, the performance of the Series B and C derivatives was similar, 
while differences in the performance of such systems can be seen clearly 
when using light at the 415 nm. 2-(diethylamino)− 4-methyl-6-hetero
arylbenzene-1,3-dicarbonitriles (Series B) proved to be most effective 

Fig. 2. UV–visible absorption spectra of a) series A - 2-amino-4-methylbenzene-6-heteroaryl-1,3-dicarbonitriles; b) series B - 2-(diethylamino)− 4-methyl-6-heter
oarylbenzene-1,3-dicarbonitriles; c) series C - 2-(diethylamino)− 4-(1-ethylpropyl)− 6-heteroarylbenzene-1,3-dicarbonitriles. Solvent: acetonitrile (ACN). 

Table 1 
Spectral characteristics of biphenyl derivatives studied in acetonitrile.   

Acronym λmax- 

ab* 
[nm] 

ε @λmax-ab* 
[dm3 mol¡1 

cm¡1] 

ε @405 nm 

[dm3 

mol¡1 

cm¡1] 

ε @415 nm 

[dm3 

mol¡1 

cm¡1] 

Group 
A 

BI-PH-1A  269  43.318 67  53 
BI-PH-2A  237  44.348 307  248 
BI-PH-3A  244  32.266 194  158 
BI-PH-4A  236  45.308 243  211 
BI-PH-5A  256  29.819 49  31 
BI-PH-6A  237  27.453 344  224 

Group 
B 

BI-PH-1B  205  31.079 887  391 
BI-PH-2B  214  35.075 699  311 
BI-PH-3B  213  32161 629  340 
BI-PH-4B  237  30.964 659  416 
BI-PH-5B  215  42.474 629  340 
BI-PH-6B  214  31.331 1022  405 

Group 
C 

BI-PH-1C  210  32.214 894  354 
BI-PH-2C  214  4.023 54  20 
BI-PH-3C  218  35.690 626  303 
BI-PH-4C  213  30.758 425  238 
BI-PH-5C  219  23.912 378  138 
BI-PH-6C  220  29.289 1054  483 

*For the longest wavelength absorption band. 

Fig. 3. Free-radical photopolymerization profiles (double bond conversion vs. time) for acrylate monomer and binary initiating system: IOD (1.0 wt%) and a) series 
A - 2-amino-4-methylbenzene-6-heteroaryl-1,3-dicarbonitriles (0.1 wt%); (b) series B - 2-(diethylamino)− 4-methyl-6-heteroarylbenzene-1,3-dicarbonitriles (0.1 wt 
%), c) series C - 2-(diethylamino)− 4-(1-ethylpropyl)− 6-heteroarylbenzene-1,3-dicarbonitriles (0.1 wt%) under the irradiation at 405 nm. 
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with longer-wavelength light sources providing high reaction rates - 
high slope of the kinetic curve and relatively short induction times for 
these processes. 

A summary of the conversion rates obtained for the acrylate mono
mer TMPTA under irradiation with Vis-LED @ 405 nm and Vis-LED 
@ 415 nm is shown in Table 2, and additional information regarding 
the slope of the kinetic curves and induction times can be found in 
Table S1 in Supplementary Information. 

3.3. Determination of usefulness of biphenyl derivatives as 
photosensitizers of iodonium salt for initiation of cationic 
photopolymerization of epoxy monomer 

The second type of photopolymerization is cationic polymerization, 
which is widely used due to its living nature, which makes it possible for 
the reaction to take place after the light source has been turned off. In 
addition, this type of reaction is resistant to oxygen, so that cationic 
polymerization reactions can be carried out "in the air." The effective
ness of a dual-type initiating system for the initiation of cationic poly
merization of an epoxy monomer CADE was investigated. A composition 
consists of: BI-PH/IOD (0.1/1.0 wt%) and CADE monomer were inves
tigated, and a mixture of CADE and IOD (1.0 wt%) was used as a 
reference. As in the case of radical photopolymerization, the ability of 
these systems to initiate the ring-opening cationic polymerization pro
cess was studied using two visible range light sources: Vis-LED @405 nm 
and Vis-LED @415 nm. Cationic photopolymerization profiles (oxirane 
ring opening conversion vs. time) for investigated cationic resins cured 
under LED @405 nm are shown in Fig. 4, and under LED @415 nm are 
presented in Fig. S129 in Supplement. 

By analyzing the kinetic profiles of the cationic polymerization 
process, it is once again confirmed that the A-series is the least efficient, 
and some derivatives of 2-amino-4-methylbenzene-6-heteroaryl-1,3- 
dicarbonitriles do not initiate the ring-opening process at all, while 
some derivatives such as BI-PH-1A achieve significant degrees of epoxy 
monomer conversion. Excellent performance was shown by derivatives 
from groups B and C both under irradiation at 405 nm and 415 nm - 
significant conversion values were achieved with relatively high slopes 

of kinetic curves and short induction times. 
A summary of the conversion rates obtained for the epoxy monomer 

CADE under irradiation with Vis-LED @405 nm and Vis-LED @415 nm 
is shown in Table 2, and additional information regarding the slope of 
the kinetic curves and induction times can be found in Table S1 in 
Supplementary Information. 

3.4. Formation of interpenetrating polymer networks (IPN) at various 
conditions 

As mentioned earlier, one of the limitations of radical polymerization 
of acrylate monomers is the phenomenon of oxygen inhibition. This 
effect can be limited by addition of a second monomer, acting e.g. ac
cording to the cationic mechanism, to form IPN, or Interpenetrating 
Polymer Network materials. Therefore, the biphenyl derivatives were 
examined for their performance during the simultaneous acrylate and 
epoxide photopolymerizations. One derivative from each series was 
selected, all having identical substituents: BI-PH-5A, BI-PH-5B, BI-PH- 
5C at 0.1 wt%, IOD (1.0 wt%), and a mixture of CADE/TMPTA mono
mers (1/1 wt.). To fully characterize the possibility of IPNs formation 
from the above compositions, the hybrid photopolymerization process 
was carried out in 3 different conditions: in laminate (between two 
polypropylene films - thin layer of 25 µm thickness), in air (on BaF2 
pallet - thin layer of 25 µm thickness), in air (in special attachment with 
BaF2 - thick layer of 0.5 mm thickness) using LED light source 
@ 405 nm. Functional group conversions in IPNs formation are given in  
Fig. 5, and kinetic profiles for these photopolymerizations are shown in 
Figs. S130 in the Supplement. 

The obtained values of conversion degrees of particular monomers 
undergoing hybrid polymerization clearly show that the proposed bi
nary systems efficiently initiate the process of simultaneous cationic 
photopolymerization of epoxy monomer and free-radical polymeriza
tion of acrylate monomer. Different final degrees of monomers conver
sion were obtained depending on the process conditions. It can be 
noticed, however, that the addition of epoxy monomer to acrylate 
monomer effectively improves the efficiency of acrylate polymerization 
under conditions when the sample is exposed to oxygen - it allows to 
decrease the negative effect of oxygen inhibition. A summary of the 
conversion degrees obtained is shown in Table 3. 

3.5. Free-radical photopolymerization with biphenyl/MDEA as type II 
initiating system 

As confirmed later by electrochemical studies and thermodynamic 
calculations, the reported derivatives exhibit not only photo-oxidative 
properties, allowing their use as sensitizers of iodonium salt in the 
photo-oxidation cycle, but also show photo-reducing properties, thus 
allowing their use together with the co-initiator (amine) in initiation 
processes according to the photo-reduction mechanism. Type II radical 
photoinitiators generate radicals in the presence of a co-initiator in a 
multistep process in which an excited molecule of a biphenyl derivative 
interacts with an electron donor (amine - co-initiator) and becomes an 
electron acceptor. An example of such a co-initiator can be methyl 
diethanolamine – MDEA. Therefore, the analyzed derivatives were 
tested for their applicability in II-type initiator systems. For this purpose, 
the performance of biphenyl derivatives in three types of compositions 
was compared: 1) BI-PH-3A or BI-PH-3B or BI-PH-3 C (0.1 wt%) 
+ MDEA (1.5 wt%) + TMPTA; 2) BI-PH-3A or BI-PH-3B or BI-PH-3 C 
(0.1 wt%) + IOD (1.0 wt%) + TMPTA; 3) BI-PH-3A or BI-PH-3B or BI- 
PH-3 C (0.1 wt%) + MDEA (1.5 wt%) + IOD (1.0 wt%) + TMPTA. 
Measurements were conducted in the laminate (between two poly
propylene films), using an LED light source @ 405 nm. Free-radical 
photopolymerization profiles for TMPTA with above mentioned initi
ating systems are presented in Fig. 6. 

The analyzed derivatives are able to initiate radical polymerization 
processes both according to the photo-oxidation mechanism with 

Table 2 
Summary of final functional group conversions of different monomers poly
merized in various photopolymerization processes.   

Conversion [%]  

Cationic polymerization Free-radical 
polymerization  

Acronym CADE monitored at 
~790 cm− 1 

TMPTA monitored at 
~1635 cm− 1 

@ 405 nm @ 415 nm @ 405 nm @ 415 nm 

Group A BI-PH-1A 85 24  55 47 
BI-PH-2A 94 57  52 np 
BI-PH-3A np np  13 22 
BI-PH-4A np np  49 37 
BI-PH-5A 83 55  47 6 
BI-PH-6A np np  49 13 

Group B BI-PH-1B 77 54  60 56 
BI-PH-2B 85 59  56 55 
BI-PH-3B 29 np  47 np 
BI-PH-4B 85 26  56 55 
BI-PH-5B 79 70  52 50 
BI-PH-6B 83 70  49 48 

Group C BI-PH-1C 83 77  57 53 
BI-PH-2C 85 69  54 54 
BI-PH-3C np np  55 45 
BI-PH-4C 75 33  54 57 
BI-PH-5C 84 77  55 54 
BI-PH-6C 67 58  50 58 

Commercial reference 
(DETHX) 

40 25  42 37 

np – no polymerization. 
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iodonium salt (IOD) and according to the photo-reduction process with 
amine (MDEA), however, the obtained conversion rates are not 
completely satisfactory. Therefore, the performance of biphenyl de
rivatives in the three-component initiation systems: biphenyl-iodonium 
salt-amine, was verified to determine their applicability in the reversible 
photo-oxidation cycle. As can be seen in Fig. 5, such ternary systems are 
the most effective while providing: high conversion rates, short induc
tion times, and a significant rate of photopolymerization of the acrylate 
monomer TMPTA. 

3.6. Analysis of photoinduced electron transfer process with photo- 
oxidation and photoreduction mechanism between iodonium salt and 
investigated biphenyl derivatives 

In order to determine the suitability of the proposed derivatives in 
two-component initiating systems operating according to a photo- 
oxidation or photo-reduction mechanism, electrochemical tests were 
carried out to determine the oxidation and reduction potentials of these 
compounds and calculations were performed to establish the thermo
dynamic parameters of the analyzed systems. 

First, the performance of binary biphenyl derivative/iodonium salt 
initiating systems in photo-oxidation was analyzed. In such a system, the 
biphenyl derivatives initiate an electron transfer process between their 
excited state and the iodonium salt molecule. In this process, the 

Fig. 4. Cationic photopolymerization profiles (oxirane ring opening conversion vs. time) for epoxy monomer and binary initiating system: IOD (1.0 wt%) and (a 
series A - 2-amino-4-methylbenzene-6-heteroaryl-1,3-dicarbonitriles (0.1 wt%); (b) series B - 2-(diethylamino)− 4-methyl-6-heteroarylbenzene-1,3-dicarbonitriles 
(0.1 wt%), c) series C - 2-(diethylamino)− 4-(1-ethylpropyl)− 6-heteroarylbenzene-1,3-dicarbonitriles (0.1 wt%) under the irradiation at 405 nm. 

Fig. 5. Values of conversion obtains during hybrid CADE/TMPTA (50/50 wt%) photopolymerization at different conditions: a) in laminate (between two poly
propylene films), sample thickness 25 µm.; b) in the air (on BaF2 pallet), sample thickness 25 µm; c) in the air (thick layer), sample thickness 0.5 mm; with the use of 
biphenyl derivatives (0.1 wt%) and iodonium salt (1.0 wt%) under the irradiation at 405 nm. 

Table 3 
Functional group conversions obtained in the process of photo-formation of 
various types of IPN networks, using photoinitiating systems based on IOD (1 wt 
%) and representatives of biphenyl derivatives of each series (0.1 wt%), deter
mined by real-time FT-IR.  

Exposure to LED light at @405 nm 

Composition Experimental conditions and 
monitoring wavelengths 

Functional group 
conversion 

BI- 
PH- 
5A 

BI- 
PH- 
5B 

BI- 
PH- 
5 C 

CADE/TMPTA (1/ 
1 w/w) 

Laminate EPOX at 
790 cm− 1  

20  23  22 

ACRYLATE at 
1635 cm− 1  

76  77  70 

Air thin 
layer 

EPOX at 
790 cm− 1  

82  88  79 

ACRYLATE at 
1635 cm− 1 

24  12  39 

Air thick 
layer 

EPOX at 
3700 cm− 1  

40  42  38 

ACRYLATE at 
6165 cm− 1 

88  90  90  
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biphenyls act as photosensitizers and upon absorption of light become 
electron donors for the iodonium salt, which as an electron acceptor is 
reduced in this process. On the basis of oxidation and reduction poten
tials of individual components, Gibbs’ free energy (ΔGet(S1)) was 
determined by applying the classical Rehm-Weller equation. All 
analyzed biphenyl derivatives of A, B and C series exhibit sufficiently 
low oxidation potentials to participate effectively in the electron transfer 
process together with the iodonium salt and thus to initiate the photo
polymerization process according to this mechanism - the value of ΔGet 

(S1) is negative. 
In addition, to confirm the electron transfer mechanism between the 

biphenyl derivative and the iodonium salt fluorescence quenching ex
periments were carried out by analyzing the change in emission in
tensity of the biphenyl derivatives in acetonitrile as the iodonium salt 
was added to the solution. A linear relationship was observed between 
the emission intensity of the derivatives and the concentration of initi
ator present in the system. On this basis, the Stern-Volmer coefficients 

(KSV) (Equation S1) were determined and the reaction constant (kq) 
(Equation S2) between the diaryliodonium salt and the excited singlet 
state of the biphenyl compound in the photo-oxidation mechanism was 
calculated. Finally, the quantum yield of electron transfer from the 
excited singlet state (Φet (S1)) in the photo-oxidation process (Equation 
S3) was determined. The obtained values are summarized in Table 4 and 
the derivation of the equations are included in the Supplementary In
formation along with voltammetry curves of cyclic oxidation of biphenyl 
derivatives, fluorescence lifetime decay results and fluorescence 
quenching results of the studied compounds. 

As it has been pointed out in experimental studies, the analyzed 
biphenyl derivatives are also able to initiate polymerization according to 
the photo-reduction mechanism. In this type of process, the excited 
photosensitizer molecule is the electron acceptor, and the role of the 
donor is taken by the so-called co-initiator, which can be an amine 
(MDEA). From the reduction potentials of biphenyl derivatives and the 
oxidation potential of methyl diethanolamine, Gibbs’ free energy (ΔGet 

Fig. 6. Free-radical photopolymerization profiles (acrylate function conversion vs. irradiation time) for TMPTA with different initiating system (IOD (1.0 wt%), 
MDEA (1.5 wt%) or IOD/EDB (1.0/ 1.5 wt%) and appropriate derivative: (a) BI-PH-3A; (b) BI-PH-3B; (c) BI-PH-3C, during the exposure to LED light at @ 405 nm. 

Table 4 
Electrochemical and thermodynamic properties of series A, B and C of biphenyl derivatives in the photo-oxidation mechanism.   

Acronym Eox vs Ag/AgCl [mV] ES1 [eV] ΔGet (S1)
a) [eV] τ (S1) [ns] Ksv [M¡1] kq [M¡1s¡1] Φet (S1) 

Group A BI-PH-1A 1291  3.02  –1.09 3.01  167.6 5.57⋅1010 0.78 
BI-PH-2A 1311  3.10  –1.15 4.30  121.7 2.83⋅1010 0.72 
BI-PH-3A 1783  2.32  –0.81 3.12  40.5 1.30⋅1010 0.46 
BI-PH-4A 1363  3.24  –1.23 3.68  25.6 6.97⋅109 0.35 
BI-PH-5A 1273  3.00  –1.08 nc  7.0 nc nc 
BI-PH-6A 1531  3.17  –1.00 2.43  65.9 2.71⋅1010 0.58 

Group B BI-PH-1B 1307  2.99  –1.04 2.36  76.4 3.24⋅1010 0.62 
BI-PH-2B 1327  3.00  –1.03 2.63  267.4 1.02⋅1011 0.85 
BI-PH-3B 1551  3.00  –0.80 2.35  8.9 3.77⋅109 0.16 
BI-PH-4B 1351  3.01  –1.02 3.25  40.5 1.25⋅1010 0.46 
BI-PH-5B 1309  3.24  –1.29 2.65  16.1 6.30⋅109 0.23 
BI-PH-6B 1539  3.00  –0.82 2.67  602.7 2.26⋅1011 0.93 

Group C BI-PH-1C 1301  3.24  –1.30 2.23  6.9 3.08⋅109 0.13 
BI-PH-2C 1323  3.21  –1.25 2.34  108.0 4.35⋅1011 0.96 
BI-PH-3C 1557  3.09  –0.90 2.41  40.5 1.68⋅1010 0.46 
BI-PH-4C 1331  3.16  –1.18 3.14  40.5 1.29⋅1010 0.46 
BI-PH-5C 1254  2.99  –1.09 2.57  40.5 1.58⋅1010 0.46 
BI-PH-6C 1538  2.97  –0.80 2.68  19.9 7.41⋅109 0.29 

a calculated from the classical Rehm-Weller equation: 

ΔGet = F[Eox(D/D•+ )–Ered(A•− /A)]–E00–
(

NAe2

4πε0εra

)

Eox (D/D⋅+) – electrochemically determined oxidation potential of the electron donor 
Ered (A⋅-/A) – electrochemically determined reduction potential of the electron acceptor (– 0.64 V for the diphenyliodonium salt vs. Ag/AgCl) [66,67] 
ES1 – singlet state energy of the sensitizer determined based on excitation and emission spectra (Figs. S55-S72 in Supplementary) 
Φet – quantum yield of electron transfer (Equation S3) 
Φet = KSV[IOD]/(1 + KSV[IOD]) for the concentration of iodonium salt [IOD] 0.021 mol/dm3 

nc – not calculated 
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(S1)) was calculated for the type II initiating system. The obtained values, 
experimental and calculated, are summarized in Table S2. Most of the 
biphenyl derivatives have sufficiently low reduction reduction poten
tials to react efficiently with the amine in the type-II initiating binary 
system - as confirmed by the negative ΔGet(S1) values. 

3.7. Investigation of printing performance of various resin containing the 
developed two component initiating system: biphenyl derivative/iodionium 
salt 

3.7.1. Laser 3D Printing 
A representative biphenyl derivative, BI-PH-5B (0.1 wt%), an iodo

nium salt (1.0 wt%) and a 1:1 mixture of acrylate (TMPTA) and epoxy 
(CADE) monomers were selected for the laser 3D printing experiments. 
The resulting 3D printout exhibited a significant height with excellent 
optical resolution (Fig. 7, top raw). Fig. 7, down raw, displays SEM 
micrographs of the printed material, the "D" element, showing the 
morphology and defects not visible by the optical microscopy. The SEM 
analysis detected a presence of unknown elements in the structure of the 
D element. The geometry and size of the element together with the 
contrast on the BSE detector likely caused by the high atomic mass of 
Iodonium atoms (Fig. 7, bottom right image) allows us to conclude that 
crystals of undissolved iodonium salt were present in the printed ma
terial, which was previously unnoticed. This analysis allows us to further 
improve the composition for 3D printing resins in order to obtain ho
mogeneous printouts with the desired final parameters. 

3.7.2. Digital light processing (DLP) printing 
A derivative with the acronym BI-PH-5 C was selected for the 3D 

printing experiments using the digital light processing (DLP). It was used 
as part of a ternary initiator system (0.2 wt%) along with IOD iodonium 
salt (2.0 wt%) and MDEA amine (3 wt%). The resin base was a mixture 
of monomers: 2-hydroxyethyl methacrylate (HEMA) and bisphenol A 
ethoxylate diacrylate (BEDA) in a mass ratio of 3:7. This system was used 
to print a 10×10×10 mm 3D model cube using a DLP printer - Zortrax 
Inkspire. Photographs of the printout obtained using an optical micro
scope, with sectioning and detailed analysis of the printout are included 
in Fig. 8. 

As shown in Fig. 8, the resulting printout has high optical resolution 
using only two simple methacrylate and acrylate monomers HEMA/ 
BEDA and a ternary initiator system: BI-PH-5 C/IOD/MDEA (0.2/2.0/ 
3.0 wt%). In addition, the kinetic profile for the photopolymerization 
process of the composition used for the above printing can be found in 
Supplementary Information in Fig. S132. 

3.8. Manufacturing of CNTs composites 

Last, but not least, our goal was to test whether the initiation systems 
containing the reported biphenyl derivatives could be used to initiate 
photopolymerization processes in the presence of a nanofiller. Carbon 
nanomaterials such as carbon nanotubes (CNTs), carbon black (CB), or 
graphene represent a common additive used with various polymer 
matrices to introduce electric conductivity and enhance their thermo
mechanical properties and thermal conductivity [68,69]. In combina
tion with printing techniques, it allows a rapid design and fabrication of 
various electronic parts and devices such as sensors, Joule heaters or 
flexible electronics [70,71]. Nevertheless, the VAT 3D printing tech
niques suffers from the adverse effects of increased viscosity and 
reduced photo-curing conversion, especially at higher filler content. Mu, 
et al. established an optimal CNT concentration in a commercial 
photo-curable resin to 0.3 wt% above which the formulations lose a 
good printability by a DLP printer [72]. Analogically, Gonzalez, et al. 
reported a drop in curing efficiency by 50% upon the addition of 1 wt% 
of CNTs to a mixture of poly(-ethylene glycol) diacrylate (PEGDA) and 
poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) mono
mers with 3 wt% of the standard commercial photoinitiator bis(2,4, 
6-trimethylbenzoyl)-phosphineoxide (BAPO) [56]. Moreover, the con
version rate was not fully restored even after doubling the photoinitiator 
concentration to 6 wt% and a reactive solvent diluent had to be added to 
achieve a good printability. 

We, on the other hand, demonstrate a different approach in 
improving the printability of high-concentration photocurable nano
composites by the application of high-efficiency photoinitiating systems. 
Multiwalled carbon nanotubes (MWCNTs) were used as the nanometric 
filler to the mixture of the monomers containing di(ethylene glycol) 
dimethacrylate (DEGDMA), and di(ethylene glycol) diacrylate 
(DEGDA), which are reported in the literature to be suitable for the 
appropriate dispersion of carbon nanotubes [56]. It is a well-established 
fact that the quality of nanoparticle dispersion in a liquid medium is 
closely related to the balance of physico-chemical forces [49,50]. Un
desired macroscale aggregation would lead to a sedimentation and un
even distribution of the CNTs through the printed body. 

3.8.1. Characterization of nanocomposites’ fabrication process based on 
photopolymerization 

The photopolymerization kinetics and the effect of the CNTs content 
on the photopolymerization were analyzed using the real-time FT-IR 
technique. The samples with CNTs content ranging from 0% to 1.0% 
were examined in air, in the ring form, sample dimension: 1.5 mm 
thickness and 12 mm diameter. Free-radical photopolymerization pro
files (double bond conversion vs. time) for nanoresins are shown in  
Fig. 9a, the dependence of the slope of the kinetic curves on the nano
tube content is shown in Fig. 9b and the FT-IR spectra before and after 
photopolymerization process are presented in Supplementary Informa
tion (Figs. S133-S137). The obtained results clearly show that the pho
topolymerization reaction slows down as the CNT content increases 
which is manifested by the decreasing slope of the conversion curves. 
Nevertheless, all samples eventually achieved the final conversion of 
95–100% regardless of the CNT content. Hence, these new compounds 
can shift the boundaries of printable materials to higher CNT loadings 
and/or higher viscosities of the photocurable resins or reduce the 
printing times of the existing formulations. 

Photo-rheological experiments were performed to investigate the 
effect of the nanofiller on the curing time as well as on the rheological 
properties of the resin itself. The time dependence of the storage 
modulus (G′) through the photopolymerization for resins with CNT 
content ranging from 0% to 1.0%, where the sample without CNTs 
(0.0 wt%) is treated as a reference, is shown in Fig. 10a. A pronounced 
effect of the CNT content on the rheological properties was evident. As 
the amount of CNTs increased, the storage modulus (G′) took on higher 
values. 

Fig. 7. 3D printouts obtained by exposing to laser source of light composition 
BI-PH-5B (0.1 wt%) + IOD (1.0 wt%) + mixture of monomers: CADE/TMPTMA 
(1/1 wt.). The top row contains images obtained from an optical microscope, 
while the bottom row contains images of the morphology of the "D" element of 
the printout, obtained using SEM (the scale bar represents left: 1 mm; middle 
and right: 10 µm) from SE (left and middle) and BSE (right) signal. 
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The crossover of the storage (G′) and loss moduli (G"), which in
dicates the gelation point for the curing process of the studied nano
resins, was only detectable in the reference sample with no CNTs. That 
was possible because its initial storage modulus (i.e., prior the photo
curing) was lower than its initial loss modulus (Fig. 10b). Both moduli 
grow as the curing proceeds (Fig. 10b) but the increase in storage 
modulus is much more pronounced as the growing polymer network 
percolates through the whole volume of the sample. This is accompanied 

by a noticeable change in rheologic properties – the gel point. However, 
the addition of even a low amount of CNTs caused the initial storage 
modulus to exceed the loss modulus (Figs. S138-S141) due to the for
mation of a physical network which is capable to bear a load. Note
worthy, the rheological properties are very sensitive to the nanoparticle 
arrangement but only brings an indirect evidence of the inner structure 
[73]. The initial storage modulus increased from about 1 mPa for the 
reference sample to approx. 2 kPa for the sample containing 1.0% CNTs, 

Fig. 8. Model 3D cube printout with di
mensions of 10×10×10 mm using DLP printer - 
Zortrax Inkspire. Description: SECTOR 1: 1 - 
hexagon with circular inner cutout - correct 
object geometry and sharp edges characterize a 
well-chosen initiating system.; 2 - grid - general 
test, which determines overall performance of 
3D system; ideal test: an object composed of 
thin trusses is created; 3 - system capability test 
in X and Y axis (indentation) - printing cylin
drical parts with variable size from 0.05 mm to 
0.20 mm. The test reveals the real optical res
olution of the system in X and Y axes; 4 - test of 
system capabilities in X and Y axes (projections) 
- printing cylindrical elements of variable size 
from 0.05 mm to 0.20 mm. The test reveals the 
true optical resolution of the system in X and Y 
axes; 5 - cylinder - correct object geometry and 
edge sharpness characterizes a well-chosen 
initiator system. SECTOR 2: 1 - minimum wall 
thickness test – contains a spherical hollow. The 
test evaluates the effectiveness of the entire 3D 
system and states about its efficiency; 2 - 
indentation with increasing depth from 
0.025 mm to 0.020 mm; 3 - calibration test: 
multidirectional symmetrical ridges are placed 
in a circular cut-outs. The test shows possible 
problems with overexposure or excessive opti
cal transparency of the polymer - all elements 
should be clear and symmetrical. SECTOR 3: 1 - 

the test determines the focusing quality and resin characteristics. Blurred elements indicate that the resin polymerizes outside the exposed elements; 2 - text: the test 
contains "3D" text. The text is visible to the bare eye and indicates a good fit between the resin and the printer. The test allows to estimate the depth of poly
merization: if the text is visible and sharp it means that the exposure time was chosen correctly. SECTOR 4: 1 - general purpose test which determines overall 
performance of 3D system; ideal test: an object consisting of thin trusses is created; 2 - thin cross-shaped bridges of 0.5 mm in diameter crossing the center of a 
circular cut-out - evaluates the suitability of the resin for printing. SECTOR 5: 1 - checkerboard: square cuts of 1 × 1 mm in size and 0.75 mm deep form a 
checkerboard pattern. This is the most important test to determine the overall performance of the resin.   

Fig. 9. (a) Free-radical photopolymerization profiles (double bond conversion vs. time) for a mixture of monomers: DEGDA/DEGMA (1/1.5 wt%) and binary 
initiating system: IOD (2.0 wt%) and (a) BI-PH-5 C (0.2 wt.) and different amount of MWCNTs (0; 0.1; 0.25; 0.5; 1.0 wt%). Experiment conditions: in the air in the 
ring sample thickness: 1.5 mm. Irradiation source: LED at 405 nm. (b) Slope of the kinetic curves vs CNTs concentrations. 
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that is by more than 6 orders of the magnitude. This increase matched 
well with similar results reported in the literature [72]. Such phenom
enon is commonly observed for nanoparticles with high aspect ratio 
such as CNTs, unless they are too aggregated, and is accompanied with a 
large increase in the initial viscosity which could be considered as an 
adverse effect for the 3D printing. Nevertheless, all the samples 
exhibited a further increase of the storage modulus upon the curing with 
no significant variation in the final value (Fig. 10a). 

With the kinetics of photopolymerization process studied and the 
effect of nanofiller content on the curing process analyzed, we attempted 
to 3D print from the investigated compositions. For this purpose, the 
sample: BI-PH-5 C (0.2 wt%), IOD (2.0 wt%), CNTs (0.25 wt%) and 
DEGDA/DEGMA (1/1.5 wt%) was chosen. The first experiment was 
laser engraver printing, in order to prove that the tested composition is 
suitable for the 3D-VAT process. The letter “A” was printed, and its 
morphology was analyzed using SEM. Analysis of the printed structure 
showed a presence of agglomerated CNTs in the cured resin (Fig. 11), 
which will compromise the printing properties of the nano-resin. 

Therefore, the nanoresin was subjected to additional sonification 
with a SONOPULS ultrasonic homogenizer (from Berlin, Germany) 
before testing on a DLP printer, which allowed much better dispersion of 
the nanofiller. Prior to the final printing, key parameters for the 3D-VAT 
printing process were determined: Ec (critical energy to initiate poly
merization) and Dp (penetration depth of curing light) [61]. To deter
mine Ec and Dp, thin slices with design dimensions of 1×1x 0.3 mm were 
printed, and the sample exposure time was varied: 120 s, 110 s, 90 s, 
70 s, 50 s, with a constant light output of 6.93 mW/cm2. The printing 
thickness (Cd) was then measured using a micrometer screw gauge, and 

the thickness measurements were repeated 5 times for each sample. The 
dependence of print thickness on E0 - energy that was utilized to cure the 
resin, as well as images of the printed slicer are shown in Fig. 12a. 

Using the Jacob working curve (Cd=f(E0) as logarithmic), these two 
key parameters was easily determined: Ec as the intersection of the 
graph with the X-axis (56 mJ/cm2) and Dp as the slope of the curve 
(95 µm). From the obtained data, the minimum time needed to cure the 
thin layer was determined to be 8 s, so the first approach was to print an 
example 3D model with a time slightly above the critical time: 10 s. 
Using such a short curing time for the layer, a printout with a final 
thickness of 100 µm was obtained, as seen in Fig. 12a. 

Having all the necessary information on the photopolymerization 
process in the presence of nanofiller and having determined Ec and Dp 
values, we attempted to print the final object using a light exposure time 
of 35 s and a thickness of one layer of 100 µm. Photographs of the final 
printout are shown in Fig. 13. 

4. Conclusions 

In this paper, it has been shown how significant role is played by the 
photoinitiating system in additive manufacturing processes, specifically 
involving 3D-VAT printing. Three groups of the biphenyl derivatives 
differing in the type of chromophore as well as in the type of substituent 
were newly synthetized. A detailed spectroscopic, electrochemical and 
thermodynamic analysis of these derivatives was presented alongside to 
the possibility of their use in two-component photoinitiating systems, 
operating according to a photo-oxidation mechanism (with an iodonium 
salt) or a photo-reduction mechanism (with an amine). The performance 

Fig. 10. a) Storage modulus. G′ versus irradiation time for DEGDA/DEGMA (1/1.5 wt%) formulations containing CNTs with concentration ranging from 0 wt% up to 
1.0 wt%. Film thickness 100 µm. irradiation power 5.6 mW/cm2 (405 nm); b) The storage (red) and loss modulus (green) as well as normal force (black) as a function 
of the irradiation time for SPOT LV sample: BI-PH-5 C (0.2 wt%), IOD (2.0 wt%) and DEGDA/DEGMA (1/1.5 wt%), without CNTs. 

Fig. 11. SEM images of 3D printed nanocomposites (letter A) obtained from composition BI-PH-5 C (0.2 wt%), IOD (2.0 wt%), CNTs (0.25 wt%) and DEGDA/ 
DEGMA (1/1.5 wt%) via laser engraver (source of light – LED @405 nm). The scale bar represents 1 mm (left); 20 µm; and 1 µm (right). 
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of these derivatives in initiating various polymerization reactions 
including a free-radical photopolymerization of acrylate monomer 
TMPTA, a cationic ring-opening photopolymerization of epoxy mono
mer CADE, and a hybrid photopolymerization of CADE/TMPTA mono
mers was compared. From these studies, it was concluded that the 
introduction of a diethylamine group into the position two of the 
chromophore improves the sensitizing properties of the derivatives. 

The most effective compound was tested as a photosensitizer in light- 
initiated polymerization in a two-component photoinitiating system 
dedicated to photosensitive polymer resins for 3D printing, including 
nanoresins filled with carbon nanotubes. The effect of the nanofiller on 
the kinetics of the photopolymerization process was analyzed using real- 
time FT-IR and photo-rheology, which was crucial for improved selec
tion of the resin composition and optimization of the printing parame
ters itself. In addition, key printing parameters were determined, i.e. Ec 

(critical energy to initiate polymerization) and Dp (penetration depth of 
curing light). We have demonstrated the feasibility photosensitive resins 
containing bipfenyl–iodonium salt initiating system, of printing CNTs 
nanocomposite materials of significant dimensions using digital light 
processing-based printing (DLP), and we have characterized the finished 
printouts using optical microscopy and scanning electron microscopy. 
These results are a promising start for the search for resins/nanoresins 
with appropriate initiating system, to fabricate multimaterials using 
advanced additive techniques, specifically 3D VAT printing, such as DLP 
or SLA. 
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Fig. 12. (a) Jacob working curves for composition: BI-PH-5 C (0.2 wt%), IOD (2.0 wt%), CNTs (0.25 wt%) and DEGDA/DEGMA (1/1.5 wt%) exposed to 405 nm 
light (6.93 mW/cm2); (b) Photograph of the final printout obtained using the minimum light exposure time of the sample and an image of material acquired by 
optical microscopy. 

Fig. 13. Images of final 3D printout obtained via DLP printing, using nanoresin consisted of: BI-PH-5 C (0.2 wt%), IOD (2.0 wt%), CNTs (0.25 wt%) and DEGDA/ 
DEGMA (1/1.5 wt%), light source: LED, 405 nm (6.93 mW/cm2). Printing accuracy in the X-, Y- and Z- directions: ± 0.03 mm. 
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