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A B S T R A C T   

The photon scattering method was performed to monitor the free radical crosslinking copolymerization (FCC) of 
acrylamide (AAm) applied with N,N′-methylenebis (acrylamide) (Bis) in time. FCC experiments were conducted 
using different Bis contents to create fractal-like network structures in polyacrylamide (PAAm) gels. Higher 
intensity values of the scattered photons, Isc were observed with increasing Bis content, BC, at a given time, 
which was attributed to fractal-like macrogel formation from interconnected microgels. The same gels were used 
in swelling experiments after drying, and increased Isc intensities from the PAAm gels were observed during the 
swelling process. Fractal dimensions, d during the gelation and swelling processes were measured and found to 
be increased as gelation and swelling times increased. According to the results obtained from the gelation 
measurements, it was seen that the fractal size, d, increased from very small values to 3.00. A similar increase in 
the range 1.00–1.66 was observed during swelling experiments.   

1. Introduction 

As known, the interface between a solid and its liquid surroundings 
may form a fractal-like object with a dimension d, in various shapes such 
as surface, mass and pore-like structures [1]. It has also been well un
derstood that the network structure determines the behavior of poly
meric gels with their fractal-like heterogeneities. A non-uniform 
concentration makes these gels swell to create such heterogeneities. It is 
known that, in the case of crosslinking of a polymer in a solution, the 
distribution of the junction points possesses fluctuations in crosslinking 
density. These swollen gels may possess fractal-like imperfections in 
polymeric systems. Photon scattering experiments in polymeric gels 
confirm this behavior for two junctions called “frozen blobs” positioned 
on adjacent lattice sites [2]. Chemical tight bonding from chain seg
ments sticks together the cross links of the gels that are swollen. Typi
cally, at first, topological neighbors form in the cluster due to these 
connected frozen blobs. Therefore, a site percolation might appear for 
polymer chains which are randomly cross-linked on a blob web. 

It is evident from the turbid gel that the method of light scattering 
demonstrates the phase separation regime in which the polymeric so
lution has two gel phases with different concentrations. The light 
wavelength for both phases can form a spectrum to inform us of the 

gelation condition. The strong opacity observed on the gel indicates 
higher dispersion of light [3]. How intensely light is scattered onto 
surface and mass fractal objects is closely associated with their current 
fractal situation [4,5]. Furthermore, the fractal dimension of the initial 
cluster in the poly (methyl methacrylate) gel can be estimated using the 
Fluorescence spectroscopic method [6]; the estimate was 2.5 in the 
literature. More recently, studies on gels with fractal structures have 
been reported, where the confocal laser scanning microscopy, centrifuge 
and rheological methods have been used [7–9]. 

For examination of flaxseed gum gels in terms of rheological prop
erties and fractal dimensions, a variety of ionic strength values is applied 
(0 − 1000 mM). It was reported that these fractal dimensions were 
computed between 2.06 and 2.49 or 1.42 and 2.18 with different models 
and ranges of ionic strength [7]. Furthermore, studies on acid (gluco
nolactone)-induced soy protein isolate gels have been performed with 
regard to their viscoelastic property and scaling behavior within the 
range of 0–800 mM. The methods of rheological analysis and confocal 
laser scanning microscopy approximately identified the fractal di
mensions as 2.319–2.729 [8]. The gels of extracellular polymeric sub
stances (EPS) (lightly bound: LB and tightly bound: TB) were examined 
with pre- and post-measurements of their extraction from sludge using 
an activation technique to remove gel-like, fractal structures. In this 
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regard, the dvalues were estimated as 2.74 for slime, 2.10 for LB-EPS and 
2.86 for TB-EPS. Accordingly, TB-EPS ranked first ahead of slime in 
terms of compatibility and density [9]. More recent studies have 
investigated basil seed gum (BSG) cross-linking with sodium trimeta
phosphate for its fractal structure in the scaling model, based on mea
surements from rheological analysis with oscillation in low amplitude 
and shearing so that the weak-link regime of BSG could be discovered by 
the dof the gels. For example, protein gels take values primarily between 
1.5 and 2.8 as reported [10]. 

In recent times, the gelation and fractal dimension of fibrin gel 
prepared by iron oxide nanoparticles were performed [11]. Muthuku
mar’s theory was applied for calculating of fractal dimensions of nano
composites. The values of them were as 1.61 and 1.69 with low and high 
contents of thrombin. XRD and XPS were used in the structural and 
fractal analysis of terbium acetate (Tb+3) doped ZnO nanoparticles [12]. 
Its fractal dimension was calculated from height- height correlation 
function which was increased by dopant material. Indeed, fractal 
dimension and gelation behavior of ovalbumin (OVA) prepared by 
various carboxymethylcellulose (CMC) were mentioned [13]. When 
increasing CMC, the gel strength was increased in the electrostatic 
complexes. Their fractal dimensions were found from 1.83 to 1.75 for 
OVA/CMC 0.7 with transition regime. On the other hand, the visco
elasticity, fractal dimension and gelation properties of the galactoma
mans were studied [14]. The sol- gel mechanism has been tested by 
dynamic rhelogical tests. And also, the fractal dimensions of them were 
modeled with Shih’s and Morbidelli’s theories. They were 1.82 using 
Shih model whereas they were 2.38 using Morbidelli’s model for fenu
greek gum (FG). In a new study, there is a correlation between fractal 
analysis and nanograin growth [15]. Therefore, BaTiO3 thin film was 
prepared and their ferroelectric morphology, grain size and fractal di
mensions were analyzed. When self-similarity of them decreases, their 
fractal dimensions decrease. Moreover, research has shown that if PAAm 
was fabricated by zeolite, its water vapor adsorption capacity was 
decreased with increasing temperature [16]. When it was prepared in 
the presence of nanorods [17], they can be used to minimize secondary 
waste in the environment. In our group, the fractal dimensions of PAAm 
-GO composites were studied [18] by Fluorescence spectroscopy. The 
correlation between gelation and fractal dimension was found. Thus, the 
dimension was found as 2.63 at 25 min. 

In this study, photon transmission was used to observe AAm copo
lymerization, altering Bis contents, BC. The gelation activity caused the 
photons transmitted to be much less intense (lower Itr), and the light 
scattered from the gel was more intense (higher Isc), which may indicate 
spatial phase separation while AAm with Bis was being copolymerized. 
The increase in Isc as opposed to the Bis content was used to calculate the 
fractal dimension, d, assuming that there was a linearity of the 
expanding volume of microgel particles and the time variable and a 
proportionality of the quantit y of particle concentration to the Bis 
content in the cross-linked PAAm gel. It is understood that self-similarity 
among gels is strictly controlled by the Bis content in the gel. Evaluations 
of the fractal dimension, d versus gelation and swelling time were 
studied during the gelation and swelling processes of acrylamide gels, 
where scattering intensity experiments were employed to produce 
d values in both processes. In the process of gelation, the fractal 
dimension rose to 3.00 from the deep with higher gelation time, pre
senting d = 2.57 for the percolation cluster at the intermediate time. 
Similarly, the fractal dimension during swelling was raised up to 1.66 
from 1.00 as the swelling time increased, predicting Dragon curve type 
channels in the swollen PAAm gel. Thus, the evaluation of fractal 
dimension of PAAm during gelation and swelling process was performed 
to detect the structural changes. 

2. Experimental 

For PAAm gels, the monomer AAm (Acrylamide, 110,784 Merck, 
Germany) by 2.5 g was used together with an initiator, APS (ammonium 

per sulfate, A6761 Sigma-Aldrich, Germany) by 40 mg. Bis (N,N′

-methylenebis(acrylamide), 146,072 Sigma-Aldrich, Germany) was used 
as crosslinking agent, and 10 μl of TEMED (tetramethylethylenediamine, 
T22500 Sigma-Aldrich, Germany) as an accelerator in FCC process. 
These components were dissolved in distilled water (25 mL) to produce 
eight different gels. The crosslinker (Bis), was mixed into individual sols 
in different Bis content, BC (50, 100, 125, 150, 175, 200, 250 and 300 
mg) during the sample preparation process by a previously provided 
recipe [19]. The temperature was under room conditions for each pro
cess, and 1.0 × 1.0 cm2 quartz cells in air were placed in a Perkin-Elmer 
UVV spectrometer for in situ experiments of photon transmission to 
monitor the gelation processes periodically. The time drive mode, as 
well as the wavelength of 690 nm, was selected on the device to follow 
up photon transmission intensities, Itr within the period of copolymeri
zation of AAm. The reason for choosing this wavelength is that trans
mission and scattering graphics give the best appearance without being 
completely saturated. 

Seven different 1 cm diameter cylindrical samples prepared ac
cording to the recipe used in previous gelation experiments were cut into 
5 mm thick discs and then dried to a thickness of 1.4–1.6 mm. The 
swelling experiments were started by placing them in water-filled quartz 
reservoirs and experiments were carried out with UVV spectrometer 
[20]. The monitoring phase was followed again for swelling of the gels 
to record in situ photon transmission values with the use of the Per
kin–Elmer UVV spectrometer. Similar to the case of gelation, 440 nm 
was preferred for these measurements because of the graphical 
appearance and to obtain curves that are not saturated and that can be 
distinguished properly. In both cases, after each measurement, trans
mission intensity was converted to scattering intensity based on the 
relation Isc = 1 − Itr, for fractal analysis of gelation and swelling mea
surements. Thus, Isc refers to the structural fractal-like heterogeneities 
for gelation and swelling processes of PAAm gel. 

3. Results and discussion 

3.1. Gelation 

Raw experimental Itr data for the samples containing eight different 
amounts of Bis content, BC are shown in Fig. 1 [19]. Here, the decreases 
in the Itr curves, in other words the increases in Isc, are due to the gelation 

Fig. 1. Variation in transmitted photon intensities, Itr versus gelation time for 
eight different Bis content, BC. Numbers on each curve present the BC 
in milligrams. 
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reaction that started about 120 s after the accelerator was added. It is 
clearly seen that the increase in the BC amount causes a dramatically 
increased scattering in the gelled samples. Because the increase in the 
amount of crosslinker causes the fractal-like structure formed to become 
more complex. In other words, it causes an increase in the heterogeneity 
and consequently the scattered light intensity, Isc. 

The normalized Isc curves corresponding to Bis contents were related 
to the FCC in six different gelation times (125, 150, 175, 200, 225 and 
250) in seconds. The curves for 175 s and 250 s are shown in Fig. 2. Fig. 2 
displays that the Isc value increased on levels much higher than a spec
ified Bis content, BC meaning that heterogeneities occurred during 
gelation, potentially with opalescence. In this study, greater light scat
tering due to hydrogel system indicated a strong opalescence higher 
than such a critical value. Modeling results depend on the occurrence 
that PAAm microgels are formed till the macrogelation phase [21]. 
Further with the reaction, pendant vinyls and radical ends on the pe
riphery of microgels make them bound to a macrogel. Thereby, the 
junction points are identified as highly intramolecular cross-linked 
microgel particles that are created prior to completion of gelation. 
Accordingly, these particles can be judged as the junction points of the 

final structure including heterogeneities. Greater content of the cross
linker expands the microgel with higher compactness and/or concen
tration of the junction points when the inter-microgel distance remains 
the same [22]. It can be seen from the curves in Fig. 2 that when using 
0.3 g BC, the percent of light scattered from the structure is 1, indicating 
that the structure is completely heterogeneous and consists entirely of 
microgels. Therefore, BC values can be normalized by assuming the 0.3 
value of BC as a maximum (BCmax). For the cross-linked PAAm gel, the 
proportionality of the concentration of microgel particles to the Bis 
content may produce the following relation of the scattering intensity 
and Bis content [4,5] 

Isc = (BCnorm)
d (1)  

where d is the fractal dimension which is a decisive parameter for 
measuring the internal structure of the gel, during the variation of 
normalized Bis content (BCnorm=BC / BCmax) which determines the 
structural variations in the growing and swelling gel. 

Here, Eq. (1) is produced from well-established arguments for self- 
similar object, such as Perimeter of Koch Curve, Snow Flake, Sier
spinski Gasket and Carpet, Menger Sponge and Percolation Clusters etc. 
All possess Fractal like structure, which obey the relation given below 
[1,23,24] 

N = Md (2) 

Eq.(2) is produced from standard self-similarity, where M is the 
number of resolution and N is the number of pieces under this resolu
tion. Here d represents Fractal dimension for self-similar object and 
dimension for Euclidian structures. In Eq.(1) since normalized Bis con
tent, BCnorm presents the number of microgel particles in the medium, it 
can be taken as an analogy to number of resolution in Eq.(2). Similarly, 
Since Isc is proportional to number of heterogeneity in the medium, then 
it can be taken as the number of pieces under micro gel resolution. 
Eventually, d in Eq.(1) can be named as Fractal dimension for the system 
under investigation. Under these assumptions, Eq. (1) can also be 
interpreted, by knowing the fact that light scattering is caused by density 
and concentration fluctuations, i.e. by deviation of density and con
centration from their uniform values in a dispersed medium. Light is 
scattered only when a light wavelength, λ, is greater than the size of a 
particle of the dispersed phase. If λ is much smaller than the particle 
diameter, light is reflected. Rayleigh derived an equation by excluding 
the absorption of light by the medium, which connects I0 with Isc, the 
intensity of light scattered per unit volume of a dilute system as follows: 

Isc = I0κcν2λ− η (3) 

This equation is valid for particles which are small in comparison 
with the wavelength λ of the incident light. In Eq. (3) κ contains the 
indices of refraction of the dispersed phase and the dispersion medium. ν 
represents the volume of a single particle and c is the concentration of 
particles of the system in Eq. (3). Rayleigh’s equation determines the 
opalescence of the medium and can be used for particles whose size is 
not more than 0.1 of the wavelength of light, i.e. for particles of di
ameters from 40 to 70 nm. In this case, Isc changes in inverse proportion 
to the fourth power of λ. When the size of the particles in the dispersed 
medium becomes much greater than λ, light is no longer scattered but 
reflected, regardless of the wavelength of the incident light. In Eq. (1), it 
is assumed that BCnorm is proportional to c in Eq. (3), where the other 
parameters are assumed to be constants of a given medium, and given 
time, here BCnorm is chosen as a parameter to design the structural 
changes, resulting to produce the fractal dimension during gelation and 
swelling processes. In Fig. 3(a) and (b), the Log-Log plots present 
normalized Isc values versus the normalized Bis content (BCnorm) for 
different gelation times, where d values are computed using the slope of 
each linear curve. Additionally, Fig. 4 shows the plot of these estimates 
of the fractal dimension versus the gelation time, representing their 
association. The 150-second gelation process produced a d value of 1.87, 

Fig. 2. The plots of the scattered photon intensities, Isc versus the Bis content, 
BC values at various gelation times a) 175 s, and b) 250 s. 
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potentially corresponding to a fractal percolation with 75 % probability 
[22] and/or can be speculated to the von Koch curve and the Cantor set 
[22] The fractal dimension 2.57 at 175 s, with no doubt, was nearly the 
same as a 3D percolation cluster with a d value of 2.52 [25,26]. Longer 
than 200 s the PAAm gel approached 3-dimensional networks as 
expected. 

3.2. Swelling 

Fig. 5 shows the raw Itr – swelling time curves of the swelling ex
periments with initially dried seven different Bis content, BC gels. At the 
beginning of the swelling process, a rapid increase in Itr values is 
observed. The transmitted light intensity, Itr then decreases during the 
actual swelling process and Isc increases accordingly. The reason for the 
initial rise can be explained as follows: Possible micro cracks and 
structural defects on the surface due to the cutting of gels cause exces
sive light scattering on the dry gel surface, then the gel surface becomes 

smoother when wet for 50− 100 min (min). This behavior of Itr can also 
be named as the surface effect related to the dangling chain ends, which 
cause some scattering from the gel surfaces before wetting. It is well 
known that a “frozen blob” appears where two junctions are positioned 
on adjacent lattice sites [2]. The higher quality of solvent swells the gel 
to expand frozen blob clusters up to less than the interstitial medium. 
For swollen gels, low concentration areas could be created with removal 
of small ones from bigger clusters. In this study, the typical size of 
non-entangled clusters with smaller ones was described as the correla
tion length. Namely, the size is referred to as that of the holes that 
appear as a part of the interstitial medium. Afterwards, being swollen 
allows for light to excessively scatter due to the contrast between frozen 
blob clusters and holes caused by dilution. Dilution partially separates 
frozen blob clusters during gel swelling, which dramatically increases 
the scattering intensity, Isc. Swollen gels contain inseparably bound 
cross-links due to the chemical property of a chain segment which is at 

Fig. 3. Log-Log plots of Isc versus (BCnorm) and their fits to Eq. 1 for various 
gelation times a) 175 s, and b) 250 s. Here, the slopes of the linear relations 
produce fractal dimensions at given gelation times. 

Fig. 4. The plot of the fractal dimension, d versus the gelation time.  

Fig. 5. Variation in transmitted photon intensities, Itr versus swelling time 
during swelling process for different Bis content, BC samples. Numbers on each 
curve present the Bis content, BC in milligrams. 
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an optimal excluded volume conformation. The mostly connected frozen 
blobs form clusters of first topological neighbors so that a site percola
tion on a blob lattice may be identified from the random cross-linking of 
chains [2]. Fig. 6 presents the results of Isc obtained from the swelling 
gels against the Bis content at 200 min and 500 min of swelling times. It 
is seen that higher BC values escalated light scattering from the swelling 
gel for all the applied times. Eq. (1) gives variations in the fractal 
dimension throughout the swelling processes. Here, each frozen blob 
assumingly corresponds to an individual microgel available on the 
PAAm system. Here too, in order to obtain normalized BC numbers, a 
normalization similar to that in the gelation case can be applied using a 
maximum value of 0.3 g BC where percent of Isc is 1. The Log-Log plots of 
Isc versus normalized Bis content, (BCnorm) are given in Fig. 7(a) and (b), 
from where the slope of the curves produces the fractal dimensions d, 
which is plotted in Fig. 8. It may be seen that, at 100 min as the gel just 
starts to swell, the fractal dimension (1.17) is almost 1.0, suggesting that 
water molecules enter into the linear tubes, and as the swelling time 
increases, these tubes start curving, and as a result of this, the fractal 
dimension increases from 1.3 to 1.53 to eventually 1.66. Here, the end of 
the swelling water molecule follows the roads of Dragon curves with the 

dimension of 1.618 [23,24]. 

4. Conclusions 

This study reports a photon transmission experiment within the 
process of copolymerization of AAm by varying Bis content, BC and 
swelling of these gels. Lower intensity, Itr of the transmitted photon was 
observed along with the gelation and swelling processes. This result may 
account for the higher intensity of the scattered light, Isc from the gel 
depending on the spatial phase separation occurring throughout copo
lymerization of AAm with Bis and swelling. The increasing Isc values 
during gelation corresponding to the normalized Bis content, BCnorm 
were used to calculate the fractal dimension, d. In our study, this was 
found to increase from very low values to 3.00 by the increase in gela
tion time, presenting d = 2.57 for the percolation cluster at the inter
mediate time. Similarly, the fractal dimension during swelling was 
found to increase from 1.00 to 1.66 with longer swelling time periods, 
predicting that, at the end of the swelling process, the gel formed Dragon 

Fig. 6. The plots of the scattered photon intensities, Isc versus the Bis content, 
BC values at various swelling times a) 200 s, and b) 500 s. 

Fig. 7. Log-Log plots of Isc versus (BCnorm) and their fits to Eq. 1 for various 
swelling times a) 200 s, and b) 500 s. Here, the slopes of the linear relations 
produce fractal dimensions at given swelling times. 

E. Arda et al.                                                                                                                                                                                                                                    



Materials Today Communications 26 (2021) 101980

6

curve type channels in the swollen PAAm gel. In conclusion, these new 
findings provide the fractal analysis produced important parameters 
related to structural changes during gelation and swelling processes. 
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