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Abstract
This study refers to the synthesis of a nano-network with dual temperature and pH 
responsiveness based on the 2-hydroxyethyl methacrylate (HEMA) copolymers with a 
comonomer with spiroacetal moiety and crosslinking capacity, namely 3,9-divinyl-
2,4,8,10-tetraoxaspiro[5.5]-undecane (U). The copolymers were synthesized by radical 
emulsion polymerization, using 4,4′-azobis(cyanopentanoic acid) as initiator, in the 
presence of sodium lauryl sulfate as tensioactive agent and poly(vinyl alcohol) as 
protective colloid. Three copolymer variants were taken into study resulted from the 
different ratio between the comonomers (HEMA/U), which was about 98/2, 95/5, and 
90/10, respectively. The copolymers were characterized by FTIR and thermal analysis. 
The copolymers sensitivity was evidenced by studying the evolution of the hydrodynamic 
radius and zeta potential of the polymeric particles as a function of pH. Thus, the 
particles size increases with the comonomer amount, from 193 nm in case of the 
homopolymer up to 253 nm for the copolymer with maximum content of the comonomer 
(10%). The increase of the particle hydrodynamic radius with the growth of temperature 
was also put into evidence.
Graphical Abstract
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Introduction

Considerable researches have been focused on polymeric materials, which are changing 
their structure and functions as response to external physical, chemical, and electrical 
stimuli—light, temperature, pH, substance concentration, solvent composition, and 
electric and magnetic fields, etc. (Akihiko and Teruo 2002). The response of the 
intelligent materials is manifested as changes in one or more of the following: shape, 
surface characteristics, solubility, an intricate molecular assembly formation, a sol-to-gel 
transition and others. In this context, the stimuli-responsive polymeric systems are 
arguably the most widely considered systems and the challenge in designing them is to 
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create networks capable of inducing tiny molecular, yet orchestrated changes that lead to 
significant physico-chemical responses upon external or internal stimuli, as it was 
stipulated in one of Urban’s and collaborators paper (Fang and Urban 2010). These 
materials and devices, if designed properly, will exhibit adaptive, self-regulating 
functions, and should operate in an unprecedented, autonomous manner. To achieve these 
attributes engineered polymer networks are necessary for localized structural and 
morphological variations to occur, thus enabling favorable spatial and energetic 
conditions for spontaneous responses induced by minute external or internal stimuli 
(Akihiko and Teruo 2002; Fang and Urban 2010; Klaikherd et al. 2009; Motornov et al. 
2010; Bajpai et al. 2008). Engineering new systems endowed with responsive properties 
for multiple stimuli can be highly beneficial to obtain also more systematic release 
kinetics. From biomedical viewpoint, the most important systems are those sensitive to 
temperature and/or pH of the surrounding (Rapoport 2007; Martin and Jain 1994; Bae et 
al. 2005; Borisov and Zhulina 2005). The key element in the case of the pH sensitive 
polymers is for example the presence of ionisable weak acid or basic moieties attached to 
a hydrophobic backbone. Upon ionization the coiled chains extend and respond to the 
electrostatic repulsions of the generated charges (anions or cations) (Langer and Peppas 
2003). Also, the presence of a hydrophobic–hydrophilic balance created in the polymeric 
structure makes the chains collapse or extend, by responding to the adjustments of the 
hydrophobic and hydrophilic interactions between the polymer chains and the aqueous 
medium (Ebara et al. 2003; Schmoljohann et al. 2003).
The presence of 2-hydroxyethyl methacrylate (HEMA) in different ratios in copolymers 
produces compounds of varied properties including hydrophilic/hydrophobic balance and 
hemocompatibility. Poly(HEMA) (PHEMA) bio-compatibility determines the future use 
for the preparation of various biomedical and pharmaceutical materials, e.g., optical 
lenses, implants, drug delivery devices, support for enzyme immobilization, etc. Also, 
PHEMA, as hydrophilic polymer, can be easily tailored according to desired properties, 
thus, it was used as matrix of immobilization to build an amperometric biosensor based 
on the property of carbamate and organophosphorous pesticides to inhibit the acetyl 
cholinesterase enzyme (Kok et al. 2002). The swelling and pH responsiveness of some 
polyelectrolyte hydrogels was adjusted by using 2-HEMA as neutral comonomer. In the 
context of different hydrophobicities offered by different comonomers, various pH 
sensitive polymeric chains it was possible to be prepared (Medina-Castillo et al. 2009). 
Thus, Brahim et al. (2001) entrapped cholesterol within a membrane composite based on 
poly(2-hydroxethyl methacrylate) (p(HEMA))-tertraethyleneglycol diacrylate 
(TEGDA)/PPy (polypyrrole) for the fabrication of a cholesterol biosensor. Also, 
molecular imprinting of the poly(2-hydroxethyl methacrylate) surface was applied for the 
preparation of a sensory system able to selectively absorbance of Saccharomyces 
cerevisiae cells. Molecular imprinting with a stamp prepared from particular 
microorganisms was applied to modify the polymeric surface during polymerization. 
High selectivity of the microorganism readsorption by the surface molecular imprinting
polymers was demonstrated (Hachułka et al. 2010).
The polymerization of HEMA in aqueous media, where HEMA is not only the monomer 
but also a cosolvent, has the characteristics of the dispersion polymerization. Thus, the 
reaction system is homogenous before starting the chain growth and becomes 
heterogeneous as the polymer precipitates with the increase of the conversion (Ali et al. 
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2005; Tauer 2003). Consequently, “classic” emulsion polymerization of HEMA with the 
goal to prepare PHEMA particles in the nanometer size range faces a lot of problems, as 
the size of the polymer particles typically prepared in dispersion polymerizations are in 
the mm-size range. On the contrary, suspension polymerization is the state of art for the 
preparation of monodisperse PHEMA particles in the size range of a few hundreds of 
micrometers for biomedical applications (Horak et al. 1993). There are few articles 
describing the use of HEMA as comonomer in the emulsion polymerization to 
hydrophilize particle surfaces and to improve latex stability (Kamei et al. 1986; Okubo et 
al. 1989; Schoonbrood et al. 1995). Some articles describe at the same time, the 
controlled polymerization of HEMA by atom transfer radical polymerization (Robinson 
et al. 2001). The literature in the field mention the possibilities to synthesize PHEMA by 
using sodium dodecyl sulfate as stabilizer and 2,2′-azobisisobutyronitrile (AIBN) as 
initiator; the prepared particles have the size in a dimension range of about 100 nm (Chu 
and Fu 1998; Chu and Lin 2003). According to these results, the experimental conditions 
regarding initiator and emulsifier (type and concentration) as well as stirring speed are 
very important.
The incorporation of spiroacetal groups in the polymer's structures improves the 
solubility and the adhesive properties (Salamone 1996). More than that, the polymers 
which include these moieties are stable in base, hydrolyze at very slow rates at the 
physiological pH of 7.4, and become progressively more labile as the pH is lowered. 
Also, this kind of comonomer induces good oxidative and thermal stability, is good fiber 
formers, and the prepared films including the comonomer present good flexibility and 
tensile strength (Zalar 1972). These characteristics are attributed to the properties 
inherent to the spiroacetal ring: stiffness, which is higher than cycloaliphatic rings but 
lower than aromatic rings; interactions on ether oxygen such as hydrogen bonds or 
coordinate bonds with other functional groups, and bulkiness (Capps 1959). Different 
researchers described developments in synthesis of alternating poly(ester-ether)s from 
spiroortho-esters, which were also considered biodegradable and useful for biomedical 
applications (Bailey et al. 1976; Moorea et al. 2005). In this context, spiroacetals are key 
structural elements in many bioactive polyketide natural products and related analogs 
(O’Hagan 1991, 1995; Norcross and Paterson 1995; Pettit et al. 1993; Kobayashi et al. 
1993; Kulkarni et al. 2002; Trump and Bartlett 2003; Mitsuhashi et al. 1999). These kind 
of structures also present diverse arrays of stereocenters combined with a high level of 
oxygenation (Paterson et al. 2005).
In our previous articles, were presented the polymerization processes between 2-HEMA 
with an acetal-type crosslinking agent—3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5]-
undecane) (Chiriac et al. 2011; Nita et al. 2011). The conversion related on the reaction 
conditions, the ratio between the comonomers, the polymerization rate, the evolution of 
the size, and the zeta potential of particles during polymerization process were also 
investigated.
In this study, the synthesized copolymers based on HEMA and 3,9-divinyl-2,4,8,10-
tetraoxaspiro[5.5]-undecane (U) were investigated to evaluate the responsiveness at pH 
and temperature of the macromolecular chains including the comonomers. Three 
copolymer variants were taken into study related on the HEMA and U ratio of about 98/2, 
95/5, and 90/10, respectively.
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Experimental

Materials

2-Hydroxyethyl methacrylate (HEMA) (from Fluka, purity >96%) was purified by 
passing through an inhibitor removal column. The inhibitor–remover replacement 
packing (for removing hydroquinone (HQ) and hydroquinone monomethyl ether 
(MEHQ) was purchased from Aldrich.
3,9-Divinyl-2,4,8,10-tetraoxaspiro[5.5]undecane (U) (c >98%, from Aldrich), sodium 
lauryl sulfate (SLS) (c >95%; from Sigma), poly(vinyl alcohol) (PVA) (M
w = 120,000 Da, degree of hydrolysis = 88; from Oriental Chemical Industry) and 4,4′-
azobis (cyanopentanoic acid) (ACPA) (c >98% from Fluka) were used without further 
purification.
The water used in all experiments was purified by using an Ultra Clear TWF UV System.

Polymerization process

The radical emulsion polymerization processes were described in detail (Nita et al. 2011). 
Shortly, the polymerization with the recipes presented in Table 1 was conducted at 
pH = 5.5 [at this pH value the comonomer (U) is stable against degradation (Landfester et 
al. 2000)], under nitrogen atmosphere, at 80 °C in a constant temperature bath, with a 
mechanical stirring rate of 180 rpm. 
Table 1
Polymerization recipe series (unit, g)

Polymer variants HEMA U ACPA SLS PVA Water

PHEMA 4 – 0.05 0.267 0.267 50

P(HEMA-co-U)98:2 3.92 0.08 0.05 0.267 0.267 50

P(HEMA-co-U)95:5 3.8 0.2 0.05 0.267 0.267 50

P(HEMA-co-U)90:10 3.6 0.4 0.05 0.267 0.267 50

To evidence the spiroacetal ring stability in the synthesized macromolecular chains, the 
copolymer was immersed in a pH = 2.4 buffer solution. After 24 h, the hydrolyzed 
polymeric samples were dialyzed against distilled water for 36 h to remove the buffer 
salts and freeze-dried to remove the water. The structural analysis of the samples before 
and after hydrolysis was evaluated by FTIR. The spectra show that U was not degraded 
during the polymerization process and the spiroacetal cycle remained intact.

Methods

FTIR spectra

FTIR spectra of homo- and copolymers were recorded on a Vertex Brucker Spectrometer 
in the absorption mode ranging from 400 to 4,000 cm−1. The sample was grounded with 
potassium bromide (KBr) powder and compressed into a disk to analyze it. Spectra were 
acquired at 4 cm−1 resolution as an average of 64 scans.
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Thermogravimetric analysis

Thermogravimetric analysis of the prepared polymers was performed using a STA 449F1 
Jupiter model (Netzsch-Germany) system. The system is equipped with an apparatus of 
simultaneous thermogravimetric and differential scanning calorimetry analyses. Samples 
ranging between 7.4 and 7.6 mg were heated from 30 to 580 °C, at heating rate of 
10 °C min−1. Nitrogen was used as the carrier gas (99.95% purity) with the flow rate of 
50 mL min−1. The samples were heated in an open Al2O3 crucible with Al2O3 as reference 
material.

SEM

SEM studies were performed on samples fixed by means of colloidal copper supports. 
The samples were covered by sputtering with a thin layer of gold (EMITECH K 550x). 
The coated surface was examined by using an Environmental Scanning Electron 
Microscope (ESEM) type Quanta 200 operating at 30 kV with secondary electrons in 
high vacuum mode.

X-ray diffraction spectra

X-ray diffraction spectra of the synthesized polymeric films were obtained with a Bruker 
D8 Advance X-ray diffractometer in Bragg-Brentano configuration and equipped with 
NaI scintillation detector using Cu Kα radiation (λ = 1.5406 Å). The sample holder was 
rotated to improve the visualization of the particle. The generator was set at 30 kV and 
36 mA. Slit sizes were set at 1.0 mm (divergence), 1.0 mm (anti-scatter), and 0.2 mm 
(receiving).

The particle size distribution, the hydrodynamic radius, the zeta potential (ζ), and 
the conductivity

The particle size distribution, the hydrodynamic radius, the zeta potential (ζ), and the 
conductivity were estimated by using a dynamic light scattering technique (Zetasizer
model Nano ZS, with red laser 633 nm He/Ne; Malvern Instruments, UK). The 
determinations were made on 2 mL sample of latexes without dilution. The sample was 
taken directly from the reaction vessel and placed in the cell. All measurements were 
carried out at 25 °C.
The ZP was calculated from the electrophoretic mobility (μ) using the Smoluchowski 
relationship: 
$$ \xi = \eta \mu /\varepsilon ,{\text{with the condition k}}\alpha >> { 1} $$
where η is viscosity, ε is the dielectric constant of the medium, k, α is Debye–Huckel 
parameter and particle radius, respectively. The average of five measurements is 
presented as the mean value for the ZP. Also, the difference between the measurements 
and their average is less than 2.5%. During the determination of ZP, the conductivity was 
also estimated.



The pH influence on the ZP and hydrodynamic radius was studied in the range of pH 
from 2 to 12 on the Autotitrator Malvern MPT2 connected to the Zetasizer Nano ZS. The 
pH was adjusted at 7 with HCl or NaOH. All measurements were carried out at 37 °C.

Results and discussions

Figure 1 illustrates the FTIR aligned spectra of all samples and confirms the achievement 
of the P(HEMA-co-U) copolymers. Thus, the characteristic bands of HEMA, 
respectively, the O–H stretch at 3,100–3,600 cm−1, the C–O stretch at 1,000 cm−1–
1,260 cm−1, the corresponding bands of –CH2 and –CH3 at 2,920 cm−1; 2,852 cm−1; and δ
CH2, CH3 from 1,452 cm−1; ν C=O from 1718 cm−1 , ν C–O at 749 cm−1, are present in 
both homopolymer as well as copolymers spectra evidencing their structure (Bose and 
Lau 2009). The increase of the U content brought supplementary vibration peaks at 678 
and 1,040 cm−1 which corresponds to the spiroacetal ring. The crosslinking band was 
attributed to the new vibration peak from 2,887 cm−1. The network formation, as the 
result of the copolymerization process, induces also changes in the water absorption, 
evidenced by the modification of the FTIR spectra, respectively, by the absorption peak 
from 3,420 cm−1 into peaks at 3,317, 3,420, or 3,332 cm−1 correspondingly to the free 
water as well as bound intramolecular water molecules as was also mentioned by other 
authors (Shan-Yang and Yih-Dih 2000). 

Fig. 1
The FTIR spectra of the synthesized polymers
The thermal analysis of the prepared PHEMA and P(HEMA-co-U), investigated under
non-isothermal conditions, evidences the changes in the thermal stability of the 
copolymers. Thus, the presence of the comonomer positively affects the thermal behavior 
of the copolymer as it can be observed from the TG curves (Fig. 2). The improved 
thermal stability of the copolymers was attributed to the spiroacetal comonomer presence 
and cross-linked network structure. Thus, the overall thermal stability of the copolymers 
is improved with 20–30 °C. The weight loss rate increases rapidly for the homopolymer, 
in one thermal decomposition step. The weight loss rate recorded for the copolymers is 
slowly decreased with the increase of the comonomer content. 
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Fig. 2
Representative thermogravimetric curves for the studied polymeric structures

Different

SEM images of the homo- and copolymers magnified 2,000 times are presented in Fig. 3, 
evidencing different morphological suprastructure resulted as changes as a result of the 
copolymerization process. Thus, the morphological analysis of the synthesized polymeric 
structures evidences an amorphous dense structure for the homopolymeric sample 
(Fig. 3a) and an amorphous and relative linear ordered structure attributed to the 
crosslinking comonomer presence, in case of the copolymer (Fig. 3b). 
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Fig. 3
SEM images of PHEMA (a), P(HEMA-co-U)98:2 (b), P(HEMA-co-U)95:5 (c), and 
P(HEMA-co-U)90:10 (d)
Figure 4 presents the X-ray diffraction patterns of the synthesized homo- and 
copolymers. The successful copolymerization between HEMA and U is also confirmed 
by XRD investigation. Thus, the X-ray patterns demonstrate the increase of the 
copolymer crystallinity. The presence of spiroacetal moiety acts as a crystal-nucleating 
agent also affecting the particle size (the dimensions of the particle radius are presented 
in Table 2) and morphology (see Fig. 3a, b) of the polymeric network, as it was also 
mentioned by other authors (Zalar 1972). 
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Fig. 4
X-ray diffraction patterns of PHEMA and P(HEMA-co-U)95:5

Table 2
PSD values related to the synthesized polymeric samples

Polymeric sample R 0 (nm) R max (nm) PSD (%)

PHEMA 193 346 79

P(HEMA-co-U)98:2 345 1,054 205

P(HEMA-co-U)95:5 217 1,442 565

P(HEMA-co-U)90:10 253 1,409 456

The size distribution of the investigated polymeric particles is presented in Fig. 5. As it is 
expected (see the reaction Scheme 1), the particles size and particle size distribution 
increase with the comonomer amount, from 193 nm for PHEMA at 253 nm for the 
copolymer with maximum content of U (10%). At the same time, the polydispersity 
increases from 0.08 for PHEMA at 0.204 for P(HEMA-co-U)90:10. The increase of the 
copolymers particle radius is entirely justified taking into account the occurring steric 
hindrance as a result of the axial conformation of the spiroacetal moiety. 

Fig. 5
The size distribution of the synthesized polymeric particles
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Scheme 1
The idealized scheme of the copolymerization reaction between HEMA and U
From the idealized reaction scheme, these data are also, expected owing to the higher 
volume which corresponds to the copolymer network meshes.
Figure 6 illustrates the evolution of the particle hydrodynamic radius (Z-average) as a 
function of pH for the synthesized homo- and copolymers. The maximum PHEMA 
particle dimension—resulted from the particle swelling capacity—was registered at 
pH = 6.4. In the case of the copolymers the maximum swelling and particle dimension 
was shifted as it follows: at pH = 7.1 for P(HEMA-co-U)98:2, at pH = 7.2 for P(HEMA-
co-U)95:5 and at pH = 8.2 in the case of P(HEMA-co-U)90:10. 

Fig. 6
Z-average versus pH corresponding to PHEMA and HEMA copolymers with different 
comonomer amount
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The evolution of the ZP values of the synthesized polymeric particles related to the 
environment pH, it is graphically represented in Fig. 7. The homopolymer has relative 
constant ZP values onto the acid domain (up to pH 6.5) followed by a sudden increase of 
ZP values (in modulus) onto 6.5–8 pH. Then, ZP is again maintained at constant values, 
up to pH = 11. 

Fig. 7
Zeta potential evolution as function of pH of the polymeric samples
The particles swelling degree (PSD) was calculated according to the following relation: 
$$ {\text{PSD}}\, = \,\frac{{R_{\max } \, - \,R_{0} }}{{R_{0} }}\, \times \,100 $$
with R 0 as the initial particle radius and R max as the maximum particle radius. The 
specific PSD values are presented in Table 2. From the corresponding PSD values, the 
differences between the homo- and copolymers swelling capacity are evident confirming 
also the network formation.
Different behavior was registered in the case of the copolymers whose ZP modulus 
values increase in the pH range 4–10. To note at pH = 6.5 all polymeric samples have the 
same −12.5 mV ZP value. Also, at this pH the homopolymer presents the maximum PSD. 
It must underline that only the copolymers present the isoelectric point (a zero ZP, 
namely the point of zero net charge at the double layer) registered at the acid pH. The 
pHiso (pH corresponding to the isoelectric point) is shifted at neutral pH once the increase 
of the crosslinking comonomer content, accordingly to the following order: 
$$ pH_{\text{P(HEMA - co - U):98:2}}^{\text{iso}} \, = \,3.8,\,pH_{\text{P(HEMA -
co - U):95:5}}^{\text{iso}} \, = \,4.05,\,pH_{\text{P(HEMA - co -
U):90:10}}^{\text{iso}} \, = \,4.2. $$
The evolution of the hydrodynamic radius, the swelling degree, and the ZP of the studied 
polymeric particles, evidences the pH-sensitive character of the synthesized copolymers. 
The pH sensitivity is attributed to the presence of spiroacetal moiety which offers a 
specific conformational framework for the copolymers. In solution, the electrostatic 
effects—as hard interactions—intervened during the change of pH, overwhelm the 
polarizability effect (the hyperconjugation: soft interactions) (Favre et al. 2008; Vila and 
Mosquera 2007; Trapp et al. 2006). As it is well known, to the acetals with vicinal oxy or 
other polar substituents, the attractive gauche effects (Zefirov et al. 1978; Juaristi 1979; 
Juaristi and Antunez 1992; Gil et al. 1995; Sasanuma and Sugita 2006) contribute to the 
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difference in the stereoselectivity of the acetals conformers or/and their stereoisomers 
(Cramer et al. 1997; Plavec et al. 1996). To the spiroacetal moiety, with acid pH 
sensitivity and capability for interactions on ether oxygen, such as hydrogen bonds or 
coordinate bonds with other functional groups, it was attributed a dynamic change of the 
stereochemistry through anomeric effect performed once with the increase of pH. Thus, 
the spiroacetal moiety is getting an axial conformation, which can also justify the 
increased dimension of the copolymer particles. The new conformation is more stable 
and has lower energy state as well as in this configuration the spiroacetal moiety is more 
able for specific interactions related to the environment.
The synthesized polymeric structures were also tested from the viewpoint of their 
response to the temperature variation (Fig. 8). From the dependence between the particles 
dimension and the temperature it can be remarked that, in case of the homopolymer, the 
particles have generally constant size with relative reduced dimension when the 
temperature increase. The particles radius of the copolymers increases first slowly 
followed by a suddenly decrease in the range of 32–34 °C. This behavior also attests a 
thermosensitive character for the synthesized copolymers. 

Fig. 8
The evolution of the polymeric particles dimension with temperature
To sustain the assertions concerning the pH and thermosensitivity of the poly(2-
hydroxyethyl methacrylate-co-3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5]-undecane) further 
investigations are in progress.
Since, many chemical or human processes are pH-dependent, there is a need for pH 
sensors useful in biomedical, chemical, or industrial applications. More precisely, there is 
a need for local pH measurements made with biocompatible pH sensors. That is why 
there is a need for new pH sensors which could be both miniaturized to be used for local 
pH measurements and biocompatible to be used for clinical, dermatological, and in vivo 
measurements. In this context, we propose to develop this kind of copolymers based on 
2-HEMA and 3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5]-undecane as biocompatible 
polymers, which are expected to impart a pH and thermal response.

Conclusions

https://bases.javeriana.edu.co/f5-w-687474703a2f2f6c696e6b2e737072696e6765722e636f6d$$/article/10.1007/s11051-011-0605-7/fulltext.html#CR13#CR13
https://bases.javeriana.edu.co/f5-w-687474703a2f2f6c696e6b2e737072696e6765722e636f6d$$/article/10.1007/s11051-011-0605-7/fulltext.html#CR41#CR41
https://bases.javeriana.edu.co/f5-w-687474703a2f2f6c696e6b2e737072696e6765722e636f6d$$/article/10.1007/s11051-011-0605-7/fulltext.html#Fig8#Fig8


This study presents the investigations related to the sensitive behavior of the copolymers 
based on 2-HEMA with different content of 3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5]-
undecane, synthesized through radical emulsion polymerization procedure. The 
comonomer with spiroacetal moiety has at the same time the capacity of a crosslinking 
compound determining the formation of a nano-network structure. The sensitive behavior 
of the copolymers was put into evidence by the variation of the hydrodynamic radius of 
the particles as well as their ZP related to the environment pH. At the same time, there 
were evidenced the differences in the hydrodynamic radius registered with the increase of 
temperature.
The 2-HEMA copolymers with 3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5]-undecane present 
variable dimension of the particle related to the comonomer content and the solution pH, 
as it follows: at pH = 7.1 for P(HEMA-co-U)98:2, at pH = 7.2 for P(HEMA-co-U)95:5 and 
at pH = 8.2 in the case of P(HEMA-co-U)90:10.
The particles radius of the copolymers increases slowly with the increase of the 
temperature, followed by a sudden decrease of the radius dimension in the range of 32–
34 °C.
The pH and thermal sensitivity was attributed to the presence of spiroacetal moiety which 
offers a specific conformational configuration for the copolymers. The dynamic change 
of the stereochemistry, in correlation with the environment conditions, is done through 
anomeric effect performed together with the increase of pH or temperature. The 
spiroacetal moiety is getting an axial conformation more stable, with lower energy state, 
and more able for specific interactions and electrostatic effects that overwhelm the 
polarizability.
The copolymers present also an isoelectric point registered at acid pH, which is shifted to 
neutral pH with the increase of the crosslinking comonomer content.
With the exception of dual responsiveness, the copolymers based on 2-HEMA and 3,9-
divinyl-2,4,8,10-tetraoxaspiro[5.5]-undecane present higher thermal stability with the 
increase content of the comonomer (U).
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