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Confined polymerisation of bis-thyminyl monomers within 
nanoreactors: Towards molecular weight control
Yanallah Alqarnia,b, Fumi Ishizukac, Toby D.M. Bella, Rico F. Tabora, Per B. Zetterlundc and Kei 
Saito*a

This paper reports the molecular weight control of polymers from bis-thyminyl monomers via confined photo-
polymerisation inside different sized nanoreactors. Bis-thyminyl monomers were hosted inside nanoreactors (oil-in-water 
microemulsion, water-in-oil microemulsion, and miniemulsion) and topochemically polymerised using UV-light. UV-VIS and 
NMR spectroscopy and gel permeation chromatography (GPC) were used to confirm polymer formation and the molecular 
weight of formed polymers. The molecular weight of the formed polymer could be increased by increasing the diameter of 
the nanoreactors, which demonstrates that it is possible to control polymer molecular weight by modifying the nanoscopic 
reaction vessel size. This confined polymerisation provides polymers with a narrow molecular weight distrinution when 
compared with conventional topochemical polymerisation.

Introduction
Polymer molecular weight is a vital characteristic, as many 
properties of polymers are controlled by molecular weight, 
including physical, thermal and mechanical properties.1-6 
Researchers have for many decades sought different 
techniques to control the molecular weight and molecular 
weight distribution (MWD) of polymers to achieve desired 
properties.7-9 Reversible deactivation radical polymerisation 
(RDRP) has in the past twenty years revolutionized the ability 
to control the molecular weight and MWD of addition 
polymers formed via radical polymerisation.10, 11 The concept 
of controlling the molecular weight and MWD by confining the 
polymerisation to a nanodimensional confined space has also 
been explored, e.g. the use of mesoporous silica and 
metal−organic frameworks (MOFs) as nanoreactors. Μultiple 
studies have reported advantageous features of 
polymerisation within such confined spaces, e.g. minimisation 
of side reactions and enhancement of reaction rates.12-18

Several studies have explored the effects of RDRP inside 
mesoporous silica on polymer molecular weight control.19-22 
For example, Blas et al. used nitroxide-mediated 
polymerisation (NMP), which is a type of RDRP, to polymerise 
styrene on the inner and outer surfaces of mesoporous silica.23 
Their results showed that the polymer molecular weight was 
affected by the structure and size of the mesoporous silica 
porous. It is well-known that the progression of a radical 
polymerisation, including RDRP, can be strongly influenced by 

use of the nanoreactor concept, perhaps most significantly by 
reducing the rate of bimolecular termination reactions.24-27 
MOFs, also known as porous coordination polymers (PCPs), 
have been used as nanoreactors in some polymerisations. 
Although common applications of MOFs include gas storage, 
separation and purification,28, 29 several researchers have 
revealed that MOFs can also be used to control the molecular 
weights of some polymers, as well as other properties. For 
example, radical polymerisation of styrene in different MOF 
structures showed that MOFs are capable of controlling the 
molecular weight of polystyrene.30 Additionally, Uemura's 
group reported several studies about the advantages of using 
MOFs in polymerisation.31-35 Comotti and co-workers prepared 
polyacrylonitrile with high molecular weight using porous 
organic cages as nanoreactors for polymerisation.36 Porous 
dipeptide crystals have also been used as nanoreactors.37 
Polymerisations of acrylic and diene monomers within one-
dimensional nanochannels in dipeptide crystals were 
conducted utilizing gamma-ray irradiation. This method 
resulted in high molecular weight polymers. Recently, 
Tarnacka et al. reported on the advantages of using 
nanoporous aluminium oxide membranes as nanoreactors in 
ring-opening polymerisation (ROP) of ε-caprolactone.38 The 
obtained molecular weight had moderate dispersity (less than 
1.41) and was extremely high compared with the molecular 
weight that resulted from ROP under conventional macroscale 
conditions. 
Polymerisation in microemulsions, where nanodimensional 
micelles/particles provide a nanoreactor environment, has also 
revealed the ability to produce polymers with high molecular 
weight.39-49 As mentioned above, there are numerous 
examples of successful synthesis of polymers with high 
molecular weight in confined space. However, there are very 
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few examples of controlling the molecular weight of polymers 
in confined spaces using light without initiators or additives. In 
addition, most polymerisations conducted within confined 
spaces fall in the category of addition polymerisation. 
In the present study, we aim to control the polymer molecular 
weight via a facile method based on confining the monomer 
inside nanoreactors, and subsequently conducting 
topochemical polymerisation using UV irradiation (Figure 1). 
Topochemical polymerisation is a monomer crystal to polymer 
crystal transformation utilising a stimulus, and is a green way 
of polymer synthesis in a solvent-free environment without 
the need for an initiator or other chemicals.50, 51 The present 
study focuses on polymerisation of bis-thyminyl monomer, 
which undergoes topochemical polymerisation via [2π + 2π]-
cycloaddition of thymine units.52 Our previous study52 revealed 
that bis-thyminyl monomer fulfils the criteria of Schmidt’s 
topochemical postulates,53 where the reactive C=C bond 
separation distance is 4.2 Å and monomers stack into tight 
offset layers and align parallel to one another in the crystal.54 A 
single crystal contains several layers of monomer which in turn 
form several polymer chains. As this is a crystalline solid state 
polymerisation, the polymer molecular weight should be 
controlled by the size of the crystal such that a larger crystal 
leads to higher molecular weight as the length of the 
monomer layers are fixed by the size of the crystal. The 
molecular weight of the formed polymer depends mainly on 
the length of the monomer layer, not the monomer 
conversion. In this study, we have used microemulsion and 
miniemulsion systems to create equal size crystals of 
monomers which leads to equal molecular weight polymer 
chains in larger quantities.
The hypothesis here is that if the amount of monomer within 
similar size nanoreactors can be controlled and if a single 
crystal from all the monomers in each nanoreactor is 
converted into polymer chains of equal length, the molecular 
weight and the MWD of the formed polymer can be 
controlled. Hypothetically, each nanoreactor can form one 
crystal which consists of stacked layers of monomer units. 
Each layer within the crystal can form a polymer chain after 
irradiation and the length of the layer is fixed by the size of the 
crystal, which in turn means the single crystal can produce 
several polymer chains in equal length as depicted 
schematically in Figure 1. 
Bis-thyminyl monomer units should be in appropriate 
alignment and exist as fixed layers to proceed and form the 
oligomers and polymers via topochemical polymerisation 
inside the nanoreactor. In this case, the nanoreactor diameter 
is expected to be a more valid indicator of the number of 
monomer units per nanoreactor as the monomer molecules 
will not occupy the entire available volume inside the 
nanoreactor.  
In this study, we use globular microemulsions and 
miniemulsion as nanoreactors to perform topochemical 
polymerisation. Topochemical polymerisation inside 
nanoreactors is implemented after evaporating the solvent, 
i.e. precipitating the monomers, thus allowing the monomers 
to form the fixed crystalline monomer layer within the 

nanoreactor. This fixed crystalline monomer layer is 
transformed into a polymer chain after UV irradiation. 
Microemulsions consist of two immiscible liquid phases (one of 
which is usually water) and a surfactant that reduces the 
interfacial tension between the liquid phases to an ultra-low 
value. One of the liquid phases (the dispersed phase) is 
dispersed in the other (the continuous phase) as droplets, 
stabilized by interfacial adsorption of surfactants with or 
without co-surfactant.55, 56 Microemulsions were chosen due 
to several appealing features, including their thermodynamic 
stability, optical transparency, small droplet size and thus large 
overall internal interfacial area.57 Moreover, microemulsion 
preparation does not require multiple steps or high energy. 
The effect of nanoreactor size was also explored by use of 
Shirasu porous glass (SPG) membrane emulsification to 
generate somewhat larger nanosized droplets.58

Fig. 1 Schematic representation of polymerisation inside nanoreactors.
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Experimental section

Materials

Thymine, methyl acrylate, 1,4-diiodobutane, Triton X-100 (TX-
100, poly(ethylene glycol) p-(1,1,3,3-tetramethylbutyl)-phenyl 
ether where the average ethoxylation number = 9.5), 
hexadecane, hexadecyltrimethylammonium bromide  (CTAB), 
pentanol and sodium dodecyl sulphate (SDS) were purchased 
from Sigma–Aldrich Castle Hill, NSW, Australia. Triethylamine 
(Et3N), potassium carbonate (K2CO3), anhydrous magnesium 
sulfate (MgSO4), anhydrous dimethylformamide (DMF), 
ethanol, hexane, chloroform and deuterium oxide D2O were 
obtained from Merck. Reagents of the highest purity were 
purchased and used without further purification. 

Synthesis of bis-thyminyl monomer

The bis-thyminyl monomer was prepared according to the 
procedure described in our previous report52 and obtained as 
white solid in 67% yield. Mp: 190.1-192.2 °C. 1H-NMR (400 
MHz, CDCl3):  1.68-1.71 (m, 4H), 1.91 (d, J = 1.2 Hz, 6H), 2.78 
(t, J = 6.1 Hz, 4H), 3.71 (s, 6H), 3.97 (t, J = 6.1 Hz, 8H), 7.15 (d, J 
= 1.2 Hz, 2H). 13C-NMR (100 MHz, CDCl3):  12.9, 25.3, 32.9, 
41.1, 45.8, 52.0, 109.5, 139.4, 151.6, 162.9, 170.0. Selected IR 
bands: 2965 m, 2869 m, 1728 s, 1700 s, 1630 s, 1451 m, 1388 
m, 1357 m, 1217 s, 1198 s. MS (ESI)+ calcd for C22H30N4O8: m/z 
478.5; found: m/z 479.5 (M+H)+, 501.5 (M+Na)+.

Preparation of oil-in-water microemulsion

The base formulation of oil-in-water (o/w) microemulsion used 
herein consisted of 25 mL of distilled water, 4.2 mL of Triton X-
100 (a non-ionic surfactant) and 0.1 mL of chloroform (oil 
phase), which contained the maximum concentration of the 
monomer (0.1 M) in terms of monomer solubility. The 
microemulsion was formed by shaking the compositions 
vigorously in glass vials for 1 min, which were subsequently 
sonicated for 5 min. After sonication, the mixture changed 
from a cloudy to transparent mixture, indicating formation of 
the microemulsion.

Preparation of water-in-oil microemulsion

Water-in-oil (w/o) microemulsions were prepared using 
different ratios of CTAB (a cationic surfactant), distilled water, 
DMF containing 0.01 M monomer, pentanol (a co-surfactant) 
and hexane (Tables S1-S4 in Supporting Information). Water-
in-oil microemulsions were combined in sealed glass vials and 
shaken vigorously for 1 min and then sonicated for 5 min. The 
microemulsions were left to equilibrate at room temperature 
until they formed transparent solutions.

Preparation of miniemulsion

A miniemulsion was prepared by SPG membrane 
emulsification using a hydrophilic membrane of pore size of 
100 nm in connection with an SPG module (external pressure 
type micro kit) purchased from SPG Technology (Japan). SDS 
surfactant was dissolved in water to prepare the continuous 

phase, while CHCl3, which contained the monomer, was mixed 
with hexadecane to act as the dispersed phase. The dispersed 
phase was used in the emulsification process with a 
connection to SPG membrane emulsification, as represented 
by the schematics shown in Figure S1 in Supporting 
Information. After filling the dispersion phase tank with 
dispersed phase liquid (0.2 g of hexadecane with 4 g CHCl3 
containing 0.1 M monomer), the dispersed phase was 
permeated into the continuous phase (0.12 g of SDS in 40 g of 
H2O) at 250 kPa. The continuous phase was agitated 
continuously at 160 rpm.

Droplet size measurements

Dynamic light scattering (DLS) and small-angle neutron 
scattering (SANS) were used to measure droplet diameters. 
Microemulsions were filtered through a membrane filter (0.22 
µm pore size) before measurements were made. The 
miniemulsion was not subjected to such filtration. Average 
sizes and size distributions of droplets were measured via DLS 
at ambient temperature using a Malvern Zetasizer nano at the 
Melbourne Centre for Nanofabrication. SANS measurements 
were conducted using the QUOKKA beamline at the Australian 
Centre for Neutron Scattering, ANSTO, Lucas Heights, 
Australia, at a sample temperature of 25°C.

Polymerisation process

Polymerisations were conducted within 
microemulsion/miniemulsion droplets of a range of different 
sizes. For (o/w) microemulsions and miniemulsions, the 
monomer was dissolved in CHCl3, while it was dissolved in 
DMF in the (w/o) microemulsions. In all cases, bis-thyminyl 
monomers were hosted inside the droplets, which were 
irradiated with an Ultraviolet Products CL1000M UV lamp (302 
nm). After irradiation, an excess of either ethanol or acetone 
was added to the system, followed by centrifugation (4500 
rpm for 30 min) at room temperature. White solids were 
obtained, washed several times using water, then dried in a 
vacuum oven at 40 C overnight. 1H-NMR (400 MHz, CDCl3): H 
1.38 (s, 6H), 1.63 (br. s, 4H), 2.59-266 (m, 2H), 2.76-2.85 (m, 
2H), 3.23-3.33 (m, 2H),3.69 (s, 6H), 3.88 (br. t, 4H), 3.96 (s, 2H), 
3.98-4.05 (m, 4H),  13C-NM (100 MHz, CDCl3): C  18.84, 25.63, 
31.90, 40.74, 43.82, 45.81, 51.85, 61.98, 151.37, 171.91. 
Selected IR bands: 2948 m, 2865 w, 1728 s, 1696 s, 1670 s, 
1511 w, 1467 s, 1435 s, 1390 s, 1370 s, 1282 m, 1202 s, 1157 
m, 1106 m, 985 m, 841 m, 762 m.

Molecular weight determination

The number average molecular weight (Mn) and dispersity of 
the MWD (Đ) of the polymer was determined using gel 
permeation chromatography (GPC) equipped with a refractive 
index detector and ultraviolet (UV) detector ( = 280 nm) using 
Tosoh alpha 4000 and 2000 columns. Calibration curves were 
obtained using polystyrene standards ranging between Mn 
500 - 2.11 x 106 g.mol-1. DMF containing 10 mM LiBr was used 
as the eluent with a flow rate of 1.0 mL per min-1.
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Fig. 2 (a) Oil-in-water microemulsion, where the oil phase (CHCl3) contains 0.1 M 
monomer. (b) Water-in-oil microemulsion, where the dispersed aqueous phase 
is a mixture of water and DMF containing 0.01 M monomer.

Atomic force microscopy

The morphology of the polymer was characterized using 
atomic force microscopy (AFM) using alternating contact (AC) 
mode on a JPK Nanowizard 3 AFM, employing Bruker NCHV 
cantilevers (nominal spring constant 40 N/m, resonant 
frequency 340 kHz). The untreated polymer emulsions were 
dried onto freshly cleaved mica discs using spin coating (2,000 
rpm) before imaging.

Results and discussion
Polymerisations were conducted within nanoreactors of 
different size with the ultimate aim being to exercise control 
over the molecular weight of the polymer formed through 
control of the amount of monomer contained within each 
nanoreactor. Bis-thyminyl monomer was selected due to its 
ability to undergo topochemical polymerisation via UV-light. 
Previously, our group has reported the molecular weight of the 
formed polymer from bis-thyminyl monomer in the solid state 
(not using the concept of nanoreactors) as 19,000 (Đ = 4.0).52 
Polymerisation was conducted inside various nanoreactors 
using UV-light at 302 nm (12 h, 60 J.cm-1). 

Polymerisation in (o/w) microemulsions

The first type of nanoreactor explored comprised an oil-in-
water (o/w) microemulsion (Figure 2a) using chloroform and 
the nonionic surfactant Triton X. Chloroform was used as the 
oil phase due to the high monomer solubility (monomer 
concentration = 0.1 M). 

DLS analysis of the (o/w) microemulsion indicated that the 
diameter of the droplets was 5 nm prior to polymerisation. 
This result is in good agreement with that obtained from SANS, 
where a droplet diameter of 5.8 nm was previously reported.59 
The irradiation of the system was conducted after evaporating 
chloroform by a desiccator under vacuum. We showed that 
this microemulsion can only contain two bis-thyminyl 
monomer molecules at a monomer concentration of 0.1 M 
(the maximum concentration), and thus cyclic dimers would 
predominantly form via topochemical reaction.59 
GPC data after polymerisation revealed that the number-
average molecular weight Mn of the product was 1,300 g mol–1 
which matches with the molecular weight of two monomer 
units (Table 1, entry 1). As a consequence, the microemulsion 
droplet size needed to be increased in order to investigate the 
effect of droplet size on molecular weight. The droplet size can 
be increased by increasing the amount of oil.60, 61 However, in 
the present case, microemulsions did not form at higher oil 
content. Several co-surfactants such as n-butanol and n-
pentanol were explored in order to further stabilise the 
system, however, microemulsions did not form. 
It was obvious that alternative larger nanoreactors were 
required to examine the effect of nanoreactor size on polymer 
molecular weight; these were found in the form of water in oil 
(w/o) microemulsions (Figure 2b), also referred to as reverse 
microemulsions.

Polymerisation in (w/o) microemulsions

Because of the poor solubility of the bis-thyminyl monomer in 
water, the monomer was dissolved in a water-miscible solvent, 
DMF. As monomer solubility in DMF is not as high as in 
chloroform, a concentration of 0.01 M was used. A reverse 
(w/o) microemulsion was formed using CTAB (surfactant), 
water, DMF, pentanol (co-surfactant) and hexane. 
According to DLS measurements, the droplet diameter of this 
(w/o) microemulsion was 10 nm, which was nearly twice the 
diameter of the (o/w) microemulsion (5 nm). In the same 
manner used for the (o/w) microemulsion, the confined 
monomer inside the microemulsion was exposed to UV-light at 
302 nm (12 h, 60 J.cm-1). Following UV irradiation, ultraviolet-
visible spectroscopy (UV-Vis) was used to examine the 
polymerisation. This polymerisation occurs via [2π+2π]-
cycloaddition, where an electron from the double bond in 
thymine is excited by UV-light to transfer from the ground 
state of the highest occupied molecular orbital (HOMO). The 
[2π + 2π]-cycloaddition occurs when the excited-state HOMO 
of one thymine interacts with the lowest unoccupied 
molecular orbital (LUMO) of the second thymine to produce 
cyclobutane. Before irradiation, the olefinic double bonds in 
the monomer showed high absorption at 268 nm, whereas the 
absorption of the photo product decreased sharply at the 
same wavelength, as shown in Figure 3. This result indicates 
that the bis-thyminyl monomer underwent a [2π+2π]-
cycloaddition reaction to form the corresponding cyclobutene.
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Fig. 3 UV-Vis absorption spectra of the monomers before irradiation and the 
polymers after irradiation

1H NMR spectroscopy provided additional supportive evidence 
for the success of the polymerisation. The 1H NMR spectrum of 
the monomer showed two peaks at δ 1.92 and δ 7.15 ppm 
which correspond to the -CH3 and olefinic protons 
respectively; these peaks were absent in the photo-product 
spectrum. In contrast, the photo-product spectrum revealed 
two new peaks at δ 1.38 and δ 3.98 ppm which correspond to 
cyclobutane protons, indicating the success of the 
polymerisation. 
The resulting polymer was subsequently analysed using GPC, 
which notably showed that the molecular weight of the 
polymer extracted from the (w/o) microemulsion nearly 
doubled compared to that obtained from the (o/w) 
microemulsion (Table 1, entry 1 and 2). Due to these 
outcomes, which imply a correlation between polymer 
molecular weight and microemulsion droplet diameter, 
different droplet diameters of microemulsions were prepared 
in order to further study this correlation.
One of the difficulties we encountered was in preparing 
microemulsions with specific diameters because of the 
multiple parameters that control droplet diameter within 
microemulsions, such as the type and concentration of 
surfactant, co-surfactant and oil phase, and the molar ratio of 
microemulsion components.62 

Hence, a range of (w/o) compositions were prepared utilizing 
different ratios of microemulsion components (Tables S1-S4 in 
Supporting Information). Nevertheless, the number of 
microemulsions produced successfully was limited, as shown 
in Table 2. 
These microemulsions did, however, reveal a clear trend in the 
values of Mn that depended on the droplet diameter and the 
length of each monomer unit, which is 2.12 nm based on 
single-crystal X-ray diffraction.52 
The number of monomer units can be calculated by 
considering the overall monomer concentration in the 
dispersed phase and the volume of the nanoreactor, as shown 
in Table S5 in Supporting Information. However, the volume of 
nanoreactor is not a suitable tool to predict the number of 
monomer units, because the monomer units will not exist in all 
the available spaces inside the nanoreactor. As mentioned 
early in the introduction, bis-thyminyl monomer molecules are 
not free to move as individual molecules within the 
nanoreactor to proceed topochemical polymerisation. In fact, 
the success of the topochemical polymerisation relies on the 
appropriate alignment of the monomers inside nanoreactors 
and bis-thyminyl monomer molecules should be stacked into 
tight offset layers from one end of the space to the other 
within the nanoreactor. 

As they are in this fixed layer structure within the nanoreactor, 
theoretically, the diameter of nanoreactor could play an 
important role in determining the expected molecular weight. 
The number of monomer units in the nanoreactor can be 

Table 1 Polymer molecular weight obtained from polymerisation in different types of nanoreactors

DLS GPC
Entry Type of nanoreactors Size of nanoreactors 

(nm)
PDI Mn Đ

 Number of units 
Theoreticala/ 

experimental b

1 (o/w) microemulsion 5 0.10 1,300 - 2/ 2
2 (w/o) microemulsion 10 0.12 2,700 1.05 4-6/ 6
3 (w/o) microemulsion 12 0.24 3,000 1.04 5-7/ 6
4 (w/o) microemulsion 18 0.31 6,000 1.98 7-11/ 12
5 (w/o) microemulsion 22 0.42 8,000 2.37 7-13/ 16
6 miniemulsion 140 0.02 32,800 2.95 65-68/ 68

a monomer unit before polymerisation based on the nanoreactors diameter divided by the length of monomer (2.12 nm).
b monomer units after polymerisation based on the molecular weight of the resulting polymer (by GPC) divided by the molecular weight of monomer.

Table 2  DLS and SANS measurements for water-in-oil 
microemulsions.a

Droplet diameter  (nm)CTAB     
(g)

Pentanol 
(mL)

H2O        
(mL) DLS SANS

0.2 2 0.5 10 10.8
0.3 3 0.9 12 11.6
0.4 2 0.8 18 12.0
0.5 3 0.4 22 13.5

a The amounts of hexane and DMF were constant (27.3 mL and 0.3 mL, 
respectively).
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expected based on the diameter of nanoreactor and the length 
of the monomer unit. Hence, the number of expected 
monomer units in the nanoreactor, approximately, is the 
diameter of the nanoreactor divided by the length of 
monomer (2.12 nm).
For example, the nanoreactor with 5 nm diameter can include 
two monomer units. This can be calculated by dividing the 
diameter of the nanoreactor 5 nm by the length of monomer 
2.12 nm = 2.35  2 units (this is the expect unit numbers that 
in Table 1, entry 1). The nanoreactor with 10 nm diameter will 
be able to host four to six monomer units and again this can be 
calculated by dividing the diameter of nanoreactor 10 nm by 
the length of monomer 2.12 nm = 4.75  5±1 units due to the 
PDI of nanoreactor, and so on.

Fig. 4 Correlation GPC elution curves of polymerisation inside nanoreactors of 
diameter a) 5 nm, b) 10 nm, c) 12 nm, d) 18 nm, e) 22 nm, and f) 140 nm.

Fig. 5 Correlation between polymer molecular weight and microemulsion 
diameter.

Polymerization inside the droplet of diameter 10 nm gave an 
oligomer with Mn = 2,700 which is similar to the expected 
molecular weight of an oligomer with 6 units (Mn = 2,874) as 
shown in Table1 (entry 2). The number of expected units in the 

microemulsions increased by increasing the diameter to 8-10 
for microemulsions with a diameter 18 nm (Mn =6,000). A 
slight change in microemulsion droplet diameter was 
accompanied by small changes in molecular weight (Table 1, 
entry 2 and 3), while a noticeable increase was observed in 
molecular weight when droplet diameters increased from 12 
nm to 18 nm. GPC data of all samples are shown in Figure 4.
These results indicate that the size of microemulsion droplets 
could present a means of controlling the molecular weight of 
the formed polymer. As illustrated in Figure 5, there is an 
almost linear correlation between polymer molecular weight 
and microemulsion droplet diameter. The molecular weight in 
entry 4 and 5 was slightly higher than expected, which might 
be attributed to the high polydispersity of the droplets (0.31 
and 0.42, respectively). The DLS data on droplet diameters 
refer to the situation before the evaporation of chloroform. 
The actual diameters of the droplets might be slightly 
different. 
The shape and dimensions of polymer that resulted from 
polymerisation inside (w/o) microemulsions (22 nm) was 
investigated using AFM. After purifying the polymer from the 
nanoreactors, the shape of the polymer particles was 
approximately spherical (Figure 6), with little evidence of any 
shape anisotropy. Their size (obtained from height traces of 
the polymer particles) was around height: 2–3 nm and width:  
40-50 nm.
Photo-polymerisation in the largest diameter (22 nm) of 
reverse microemulsions produced a polymer with molecular 
weight 8,000 Da. All attempts to create (w/o) microemulsions 
larger than 22 nm were unsuccessful. As a consequence of 
this, membrane emulsification was used as an alternative 
approach to generate droplets with larger size.63 

Polymerisation in miniemulsions

An SPG membrane was chosen to produce large uniform 
emulsion droplets. Indeed, SPG membrane emulsification 
technology is simple, does not require high energy, can 
provide narrow pore-sized distributions, and has the ability to 
generate near monodisperse droplets. As can be seen in Figure 
S1, a positive nitrogen gas pressure pushes the dispersed 
phase, which contains the monomer, into the continuous 
phase through the SPG membrane pores (pores size is 100 nm) 
to prepare miniemulsions. After completion of the 
emulsification process (24 h), droplets were analysed using 
DLS.
The miniemulsion droplet diameters (140 nm) were large 
compared to previous microemulsions and relatively uniform 
(PDI = 0.026). The confined monomers in the droplets 
produced were irradiated in the same fashion as for previous 
systems. Following 12 h of irradiation, GPC data revealed a 
high molecular weight, Mn 32,800. This high molecular weight 
was expected due to the large space available for 
polymerisation, as compared to the smaller polymerisation 
spaces in the (o/w) and (w/o) microemulsions.
The increased molecular weight was accompanied by an 
increase in the dispersity of the MWD (Table 1). The lack of 
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success in keeping the MWD narrow is likely due to the 
difficulty of controlling the amount of monomers inside the 
miniemulsion droplets. More precisely, in the case of few 
monomers units inside  small nanoreactors (for example 12 
nm) all monomer units can polymerise to form equal length 
chains. In contrast, if the nanoreactors contain a large number 
of monomers, there is a possibility to form several chains with 
different lengths, as different groups of monomers that are 
not equal in number can be polymerised. An increase in the 
MWD after increasing the nanocarrier diameter would thereby 
result.
Although the nanoreactors did not effectively contribute to 
controlling the MWD, it was clear that the different sizes of 
nanoreactors did play a role in determining the molecular 
weight of polymer. 

Fig. 6 AFM image of the polymer after irradiation inside nanoreactors (diameter 
= 22 nm, Table 1, entry 5). The height profile in (b) corresponds to the yellow 
dotted line in (a).

Polymerisation without nanoreactors

For the purpose of further studying the role of the 
nanoreactors, polymerisation was conducted in the absence of 
nanoreactors to examine the resulting Mn. In a separate 
experiment, polymerisation was carried out in the same 
conditions as polymerisation in (w/o) microemulsions, but 
without the microemulsion phase present, in order to 
investigate the role of droplet size in determining the 
molecular weight of polymer. 
Figure 7a shows the GPC elution curves of the monomer and 
the obtained polymer from (w/o) microemulsion (with a 
droplet diameter of 10 nm). As a result of using 
microemulsions, there was one narrow peak on the GPC 
curves that represented the polymer. GPC measurements 
determined that the molecular weight of the polymer was 
2,700. These results can be explained by observing the space 
available for polymerisation. As previously mentioned, the 
diameter of this microemulsion was 10 nm, which is 
approximately appropriate to host only 4-6 monomer units, 
where each unit is 2.12 nm in length.52

 

Fig. 7 GPC elution curves obtained by (a) polymerisation inside nanoreactors 
(diameter = 10 nm) and (b) polymerisation in the absence of nanoreactors.
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In contrast, when polymerisation was conducted without a 
microemulsion (Figure 7b), the GPC data revealed three peaks. 
The broad peak represents a polymer with a molecular weight 
Mn of 9,000 Da (Đ = 2.94), and the other two peaks reflect 
oligomers and some residual monomers. This increase in the 
molecular weight, as well as the mixture of polymer, oligomer 
and monomer, was due to the absence of nanoreactors, which 
yielded a large amount of available space for polymerisation, 
compared to polymerisation space available in the (w/o) 
microemulsion; hence polymerisation had not been controlled. 
In other words, in the presence of nanoreactors, monomers 
are confined in a specific space and this forces them to 
polymerise together on application of UV-light to give only a 
polymer. The number of monomer units can be increased by 
increasing droplet diameter, thus producing a polymer with 
higher molecular weight. In brief, the presence of 
nanoreactors plays an important role in controlling the 
molecular weight of formed polymers. 

Conclusions
In summary, topochemical polymerisation reactions of bis 
thyminyl monomers were successfully conducted inside 
different nanoreactors using 302 nm UV-light irradiation. Soft 
template nanoreactors were used in different sizes to control 
the molecular weight of the polymer. Under the conditions of 
topochemical polymerisation, the polymer molecular weight 
increased as the diameters of the nanoreactors increased. In 
the absence of nanoreactors, polymerisation created a 
polymer with a high molecular weight, accompanied by some 
oligomers and residual monomers. This outcome reinforces 
the key role that nanoreactors play in determining the 
molecular weight of polymers from topochemical 
polymerisations.
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