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Abstract: Computer simulation of the aggregation behavior of thermosensitive copolymers of N-
vinylcaprolactam (VCL) and N-vinylimidazole (VI) was performed in the framework of a coarse-
grained model. Virtual synthesis of the copolymers from a monomer feed with different compositions 
was implemented using a Kinetic Monte Carlo method. At low conversions, statistical copolymers 
were obtained, while at high conversions, the copolymers contained a long block of VCL units. The 
aggregation behavior of the constructed copolymers was studied using Langevin dynamics in the 
solvent environment that is poor for the VCL units, which, in terms of the devised model, corresponds 
to the temperatures above the lower critical solution temperature for the VCL. It was shown that the 
aggregation of VCL blocks initially leads to the formation of nanoparticle-like nanostructures with a 
core-shell morphology, where the core is formed by VCL blocks and the shell is formed by VI blocks. 
The presence of a homopolymer VCL block increases the density of the core, while its length and the 
VCL content in the monomer feed affect the size of the shell. It was shown that the nanostructures 
formed at fVCL = 0,55 (VCL content in the monomer feed) have the highest aggregation stability. In this 
case, when the solvent is poor for the VCL, the mesoglobules are formed, consisting on average of 2-3 
polymer chains. The polymers produced from monomer feed with higher VCL content form potentially 
aggregation-unstable nanostructures. Also, the polymers obtained at fVCL = 0,55 have the highest 
specific solvent-accessible area of VI units, which makes them a prospective basis for the development 
of thermally-switched catalysts.  
Keywords: poly(N-vinylcaprolactam), poly(N-vinylimidazole), thermosensitive copolymers, computer 
simulation, thermally-switched catalysts. 
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Прогнозирование агрегативной устойчивости наноструктур на основе сополимеров 
полиВКЛ-полиВИ: мезоскопическое моделирование 

М.К. Глаголев, Я.Н. Шатская, А.В. Ворожейкина, А.И. Барабанова, П.В. Комаров 
ФГБУН «Институт элементоорганических соединений им. А.Н. Несмеянова РАН» 

119991, Россия, Москва, ул. Вавилова, 28б 
DOI: 10.26456/pcascnn/2025.17.374 

Аннотация: В рамках крупнозернистого моделирования выполнено изучение агрегационной 
стабильности термочувствительных сополимеров на основе N-винилкапролактама (ВКЛ) и N-
винилимидазола (ВИ). Виртуальный синтез сополимеров различного состава был выполнен с 
использованием кинетического метода Монте-Карло. При малых степенях конверсии были 
получены статистические сополимеры, в то время как при высоких степенях конверсии 
построенные сополимеры содержали длинный гомополимерный ВКЛ-блок. Агрегационные 
свойства полученных сополимеров были изучены в рамках динамики Ланжевена в среде 
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растворителя, которая является неблагоприятной для сомономеров ВКЛ, что, согласно 
разработанной модели, соответствует температурам, превышающим нижнюю критическую 
температуру растворения для поли-ВКЛ. Было показано, что агрегация ВКЛ-блоков 
первоначально приводит к образованию наночастиц с морфологией ядро-оболочка, где ядро 
образовано блоками на основе ВКЛ, а оболочка образована блоками ВИ. Наличие 
гомополимерного ВКЛ-блока увеличивает плотность ядра, в то время как его длина и 
содержание мономеров ВКЛ в реакционной смеси — на размер оболочки. Было показано, что 
наноструктуры, образованные, когда доля ВКЛ в реакционной смеси равна fVCL=0,55, обладают 
наибольшей агрегационной стабильностью. В этом случае, когда растворитель является плохим 
для ВКЛ, образуются мезоглобулы, содержащие в среднем из 2-3 полимерных цепочек. 
Полимеры, полученные из реакционной смеси с более высоким содержанием ВКЛ, образуют 
потенциально агрегационно нестабильные наноструктуры. Кроме того, полимеры, полученные 
при fVCL=0,55, имеют самую высокую удельную площадь, доступную для растворителя, что 
делает их перспективной основой для разработки термочувствительных катализаторов.  
Ключевые слова: поли (N-винилкапролактам), поли(N-винилимидазол), термочувствительные 
сополимеры, компьютерное моделирование, катализаторы c термическим переключением. 
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1. Introduction 
Stimuli-responsive polymers are a class of molecular systems that can 

undergo reversible nanoscale structural transitions, changing their physical and 
chemical properties as a response to external conditions, such as temperature, 
radiation, pH of the solution, etc. [1]. Understanding these processes is the key 
to directed development of functional materials for sensors, tunable surfaces, 
nanocontainers and other applications [2-4], such as thermo-switchable catalysts 
[5-7]. The latter can be based on thermosensitive polymers with lower critical 
solution temperature (LCST) [8-10].  

Our work is devoted to the study of nanostructures that are formed in 
aqueous solutions of copolymer synthesized from N -vinylcaprolactam (VCL ) 
and N -vinylimidazole (VI ). The VCL  units endow the copolymers, which are 
hydrophilic at normal conditions, with thermal sensitivity. The value of their 
LCST can be adjusted by varying their molecular mass characteristics [11], 
allowing to tune their reversible conformational transition. The polar VI  units, in 
their turn, are able to coordinate [12-14] with metal ions, imparting the catalytic 
activity to the copolymers. This allows us to consider these copolymers as a 
prospective basis for thermo-switchable catalysts [15] and makes studying them 
an important task. 
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The bulk radical copolymerization of VCL  and VI  was implemented in our 
previous experimental research [16-18]. It was found that the copolymers 
maintain constant composition until the more reactive VI  units in the monomer 
feed are exhausted. The monomer unit distribution in the polymer can be 
controlled by the composition of the monomer feed and the reaction duration. 
This was corroborated by the Kinetic Monte-Carlo (KMC) model under the 
assumption that the monomer unit concentrations around the reaction centers are 
quasi-stationary [18]. Experimental study of the copolymers revealed a 
conformational transition with the formation of mesoglobules. The coil-to-
globule transitions were also observed in Langevin dynamics simulations [18]. 
However, these simulations were performed only for solitary macromolecules, 
which doesn’t allow assessing the structure of mesoglobules observed in the 
experiments. This work aimed to study the aggregation behavior of the virtually 
synthesized VCL VI  copolymers and the structure of their aggregates. The 
simulations were performed using the workflow introduced in our previous 
study [18]. 
 
2. The object of the research 

We consider the heterogeneous multi-block copolymers of  
N -vinylcaprolactam and N -vinylimidazole, synthesized in silico from 
monomer feed of various compositions. In terms of the KMC model, the latter 
were determined by the molar fraction of the VCL  monomers VCLf , which was 
equal to 0,55, 0,7 and 0,85. The monomer to initiator ratio was fixed at 500:1, 
resulting in an average degree of polymerization N = 500 at full conversion. As 
it was shown in [18], the synthesized copolymer consists of alternating VCL  and 
VI  blocks of random length (the statistical block) and a long homopolymer VCL  
block ( PVCL  block) formed after the VI  units in the monomer feed are 
consumed.  

The length of the PVCL  block can be controlled by stopping the reaction 
at a particular time. The copolymers were characterized by the total length of the 
polymer chain N , the number of monomer units in the PVCL  tail tailN , and the 
relative length of the PVCL  block /tail taill N N . In our study, we consider the 
chains with taill = 0; 0,125; 0,25 and the chains obtained by full conversion of the 
monomers in the monomer feed (named hereafter as «full chains). For the 
monomer feed with VCLf = 0,55, the «full» chains correspond to taill = 0,444, at 

VCLf = 0,7 the value is taill = 0,564, and for VCLf = 0,85 the value is taill = 0,683. 
The average lengths of the VCL  blocks VCLb  and VI  blocks VIb  in the statistical 
block of the copolymer were VCLb = 1,2 and VIb  = 5,4 at VCLf  = 0,55; VCLb  = 1,4 
and VIb  = 3,1 at VCLf  = 0,7; VCLb  = 2,0 and VIb  = 2,0 at VCLf  = 0,85.  
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3. The model and simulation technique 
The detailed description of the model is available in the supporting 

information for our recent study [18]. The monomer sequences were generated 
using the KMC method by sequentially joining randomly chosen monomer units 
from a virtual reactor to growing polymer chains. The probabilities of joining 
depended on the types of the terminal unit of the chain and the unit about to join 
the chain. They were chosen according to experimentally determined reactivities 
of the monomers. According to the experimental data, the concentrations of the 
monomer units near the reaction center were assumed constant up to the point 
where the more reactive VI  was fully consumed.  

The aggregation behavior and the structure of the copolymers were 
studied using the Langevin dynamics with a Kremer-Grest type model [19]. The 
model parameters are provided in terms of dimensionless Lennard-Jones units. 
Each monomer unit was represented by a structureless spherical particle with a 
diameter of   = 1. The excluded volume interactions were represented by the 
repulsive part of the Lennard-Jones potential: 

     12 6
4 1 4evU r r     ,   cr < r , (1) 

where 1 62cr   is the cutoff radius. The implicit solvent environment was 
represented by the Yukawa-type attractive potential between the VCL  units: 
     solv ij ij solv solvU A exp kr r exp kr r    ,   solvr < r , (2) 

where the cutoff radius is 4solvr  , and the exponential decay parameter is k

= 0,23, and the factor A controls the solvent quality. The lengths of the bonds 
between the monomer units 1b   were maintained very close to b = 1 by a 
harmonic potential: 
  bond bondU K l b  , (2) 

where l is the actual bond length, bondK = 10000. The temperature of the system 
T  = 1 was maintained by a Langevin thermostat. 

The initial chain configurations were created by the Mouse2 package [20] 
using the monomer sequences from the KMC model. They were placed in cubic 
simulation cells with an edge 1000a   and periodic boundary conditions 
(infinitely dilute solution) and equilibrated for 2105 time units   with A = 0. 
The A  was then changed with a step of A = –0,01 every 104  until it reached A
= 2, causing formation of nanostructured aggregates. To study the aggregation 
stability, the latter were cloned and placed in the nodes of a cubic lattice with 
dimensions n n n   ( n = 2 or 3) in the simulation cell with periodic boundary 
conditions and edge size 2 gnD  , where gD  is the size of the globules. 

The prepared solutions were simulated for 2×106 , with the final 5×105  
used to collect the data. The separate aggregates (mesoglobules) were 
distinguished using the Mouse2 cluster analysis routine [20], and their 
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aggregation numbers aggrN  (the number of individual chains forming an 

aggregate) were calculated. The accessibility of the VI  units in the aggregates to 
the solvent was analyzed by calculating the specific solvent-accessible surface 
area (SASA) of the VI  units using the method described in Ref. [21]. The 
diameters of the monomer units were taken as VCL VId d   , the probe radius was 
taken as 0,5prober  . 

 
4. Results of simulations 

The simulation of solitary chains has shown that deterioration of the 
solvent quality leads to the coil-to-globule transition in the copolymer, with the 
VCL  units forming dense aggregates. The aggregate sizes depend on the quantity 
of the VCL  units and increase along with both VCLf  and taill . The VI  blocks within 
the statistical block of the copolymer form loops around the dense VCL  
aggregates. When a single VCL  aggregate is formed, the nanostructures can be 
classified as belonging to the «core-shell» type. 
 

Table 1. Average aggregation number aggrN   depending on the VCL  units fraction in the 

monomer feed VCLf , and the ratio of PVCL  block length and total chain length taill . The 

aggregation-stable systems are designated with «S», and the aggregation-unstable ones with 
«U». 

VCLf / taill  0 0,125 0,25 0,375 full* 

0,55 2,1 (S) 2,0 (S) 3,0 (S) 2,1 (S) 3,6 (S) 

0,7 11,5(S) 13,5(S) 13,5(S) 27* (U) 27* (U) 

0,85 27*(U) (U) (U) (U) 27*(U) 

The aggregation stability of the obtained systems was then studied. 
Table 1 contains average aggregation numbers aggrN  , equal to the average 

number of polymer chains in one aggregate. The values 3
aggrN n    show that all 

of the polymer chains in the system eventually compose a single aggregate, 
indicating aggregation instability. As one can see from Table 1, an increase in 
both VCLf  and taill  leads to an increase in the average aggregate size. For systems 
with VCLf = 0,55 it is aggrN = 2…3,6 for all values of taill . This is much smaller 

than the total number of molecules in the system, indicating aggregation 
stability. The snapshots of the systems with VCLf = 0,55, and, taill = 0,45 are shown 
in fig. 1 a, b. One can see that the presence of a PVCL  block leads to the 
formation of much larger aggregates with a dense core of the VCL  units in the 
center of aggregates (see fig. 1 b). At VCLf = 0,7, large mesoglobules are formed 
(see fig. 1 c). Unlike the spherical mesoglobules observed at VCLf  = 0,55, these 
globular nanostructures have an elongated shape. Their morphology is typical 
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for random copolymers enriched with solvophilic units [22-24]. Further increase 
of the VCL  content in the macromolecules leads to an increase in the aggregate 
size. For systems with VCLf = 0,7 at full monomer conversion, as well as for all of 
the systems with VCLf = 0,85, all macromolecules aggregated together, meaning 
aggregation instability. 

 

 

a b 

 

 

c d 
Fig. 1. The snapshots of the systems with n  = 27 when: (a) VCLf = 0,55, taill = 0;  

(b) VCLf = 0,55, taill = 0,45; (c) VCLf = 0,7, taill = 0; (d) VCLf = 0,85, taill = 0. The VCL  monomer 

units are colored red, the VI  units are colored blue. 
It should be noted that while in aggregation-stable systems the average 

number of aggregates stays constant after equilibration, the aggregates can stick 
together and split in the course of the simulation. 

A more detailed insight into the aggregation behavior is possible by 
analyzing the distributions of the aggregate sizes (see fig. 2). One can see that, 
except for VCLf = 0,55 and taill = 0,375, an increase of both VCLf  and taill  leads to a 
wider mass distribution of the aggregates. In the systems with VCLf = 0,55 and taill

≤ 0,125, some chains are not included in the aggregates ( aggrN = 1). For VCLf

= 0,55 and taill ≤ 0,375, the highest mass fraction corresponds to the aggregates 
formed by 2 chains. For chains synthesized at VCLf = 0,55 and full conversion of 
monomer ( taill = 0,444), most of the aggregates consist of 2 or 3 polymer chains, 
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while larger aggregates with aggrN  up to 15 keep forming and disintegrating in 

the solution. At VCLf = 0,7, stable aggregates with a size of aggrN = 19 are formed, 

which are not observed at VCLf = 0,55. 

 
Fig. 2. Distributions of masses of aggregates of macromolecules with different VCLf  and taill  

depending on their aggregation numbers. 
To describe the structure of aggregates, a quantitative assessment of 

accessibility of the VI  units for the solvent was performed by calculating 
specific SASA for the VI  units VIS . The results were averaged between 
aggregates having a specified aggregation number, aggrN . As one can see in 

fig. 3, the highest VIS  is observed in the system with VCLf = 0,55, taill = 0. Here, the 

VIS  is around 4,5 and is almost independent of the aggregate size. This confirms 
the visual observation that the VI  units form loops surrounded by the solvent, so 
that the VIS  value is close to that expected for a cylinder with a diameter of 1 .  
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Fig. 3. Average solvent-accessible area per VI  unit for aggregates obtained at VCLf = 0,55, 

with taill = 0 (a) and taill = 0,45(b) 

The values of VIS  for systems with VCLf = 0,55 and taill > 0 are between 2,8 
and 4,3, and generally decrease with the increase of both taill  and aggrN . It is 

worth noting that for systems with taill > 0,444, where large unstable aggregates 
are formed, and the value of VIS  does not decrease for aggrN > 10. This 

corroborates the visual observation that sticking of the spherical aggregates 
together does not alter their structure. For systems with VCLf = 0,7 and taill = 0, the 
values of VIS  are around 2,2 and are virtually independent of the aggregate size. 
The obtained value is close to the one expected for a dense layer of VI  units. 
Therefore, the polymers obtained at VCLf = 0,55 have the highest accessibility of 
the VI  units to the solvent. At the same time, the independence of the VIS  on the 
aggregate size in the systems with VCLf = 0,7 allows us to assume that these 
systems are also aggregation-stable in the considered conditions. 

It is known that the metal atoms can coordinate with the N -
vinylimidazole units, forming a bond with the nitrogen atom of the imidazole 
ring. Specifically, the copper ions can coordinate 3 [25] or 4 [12], [13], [14], 
[26] imidazole monomers, with the geometry of copper (II) atoms in these 
complexes characterized as distorted square planar [27]. The efficiency of VI -
containing catalytic systems can also be augmented by selective adsorption of 
the substrate on the polymer-solvent boundary [28]. This allows us to assume 
that the systems with VIS > 2 are the most promising as catalysts, because they 
correspond to the most favorable conditions for the coordination of the metal 
atoms and contact with the substrate molecules. 
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5. Conclusions 
The aggregation behavior of thermosensitive copolymers based on N -

vinylcaprolactam and N -vinylimidazole was studied by means of computer 
simulation. The virtual synthesis of the copolymers was implemented using a 
Kinetic Monte-Carlo model. At low monomer conversion ratios, the statistical 
copolymers with alteration of VCL  and VI  blocks of random lengths were 
obtained. At higher conversions, the copolymers contained a homopolymer 
block formed by less reactive VCL  units. The length of the homopolymer block 
was controlled by the time at which the reaction was stopped. 

The conformational behavior of the macromolecules in the poor solvent 
for the VCL  units was studied using Langevin dynamics. The conditions 
corresponded to the aqueous solvent at temperatures above the lower critical 
solution temperature for the VCL . For all of the solitary chains, the aggregation 
resulted in the formation of structures with the VCL  core and the VI  shell. The 
presence of a homopolymer VCL  block led to the formation of a denser core, 
with short VCL  blocks within the statistical block of the copolymer adhering to 
it. The size of the VI  corona decreased with the increase of the VCL  content in 
the monomer feed. 

To study the aggregation stability of the obtained nanostructures, they 
were cloned to build supercells containing 8 or 27 polymer chains in a poor 
solvent for the VCL  units. It was found that the polymer synthesized at the 
lowest VCL  content in the monomer feed ( VCLf = 0,55) forms the most stable 
nanostructures, containing 2-3 polymer chains. These aggregates could 
reversibly stick together. All nanostructures obtained at the highest VCL  content 

VCLf = 0,85 formed a single aggregate, pointing to macroscopic phase segregation 
between the polymer and the solvent. At the intermediate VCL  content ( VCLf

= 0,7) and a short PVCL  block, the mesoglobules were formed by constant sets 
of 12-15 chains. The assessment of the solvent-accessible surface area of the VI  
units has shown that the highest value is observed in the copolymers synthesized 
at VCLf = 0,55. This allows us to consider them as a basis for prospective thermo-
switchable catalytic systems. The obtained results can serve as a guideline for 
future experimental research.  

The research was carried out using the equipment of the shared research 
facilities of HPC computing resources at Lomonosov Moscow State University 
[29]. 
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Interlaboratory Computing Center of the Institute of Organoelement Compounds,  
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