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ABSTRACT: A new method for synthesis of smart nanohydrogels under additives-free conditions and at
high solid content is presented. The new core—shell nanohydrogels with cross-linked poly(N-iso-
propylacrylamide) (PNIPAAm) core and hydrophilic poly(glycidol) (PGI) shell were obtained by photo-
cross-linking of PGI-h-PNIPAAm copolymers above their phase transition temperature (7). As UV-active
group, the chromophore 2-(dimethylmaleimido)- N-ethylacrylamide (DMIAAm) was synthesized and suc-
cessfully incorporated in the PNIPAAm segment, while poly(glycidol) chains were responsible for stability of
aggregates above T.. Photo-cross-linkable block copolymers with different PGl length (DP = 55 and 100),
DMIAAmM chromophore content, and PGI/PNIPAAm block ratio were synthesized for this investigation. It
was found that the efficacy of cross-linking strongly depended on the length of PGI block in the copolymer. In
the case of copolymers with shorter PGl chains formation of fully cross-linked nanohydrogels was observed
already at 45 °C, while for copolymers with longer PGl chains monomodal nanohydrogels were formed at
55°C. In contrast at given temperature, the rate of cross-linking was independent of chromophore content in

copolymer and copolymer composition.

Introduction

In recent years, considerable interest has been focused on the
development of so-called smart hydrogels. Such hydrogels exhibit
sensitivity in terms of their swelling behavior as response to
changes in environmental conditions like temperature, pH, ionic
strength, etc."> Among this big group of polymeric materials,

temperature-sensitive nanohydrogels based on poly(N-lsopropyl-
acrylamide) (PNIPAAm) have gathered great interest.’

PNIPAAm hydrogels are known for their reversible swelling—
deswelling behavior in response to temperature changes
across the volume phase transition temperature (7). Hence,
PNIPAAm-based nanohydrogels are being considered for use
in various devices, including switches, sensors, chemomechanical
actuators, drug dehvery devices, recyclable absorbents specia-
lized separation systems, bioreactors, catalysis, etc.’”® However,
there is a demand for the preparation of temperature-sensitive
nanohydrogels with specific properties, e.g., stability, well-
defined, uniform microstructure, and desired response time.

One of the most important properties of smart nanohydrogels
for potential applications is their swelling—deswelling behavior.
Swelling and deswelling are diffusion-controlled processes.” The
so-called response time of the swelling/deswelling process is
dependent on nanohydrogel size and the cooperative diffusion
coefficient. Since the cooperative diffusion coefficient is a ma-
terial constant, the decrease of hydrogel size has been considered
to be the best way to obtain products with sufficient response
times. In other words, the slow dynamics of the swelling/deswel-
ling process in macroscopic hydrogels can be overcome and
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accelerated by the preparation of nanohydrogel particles with
dimensions in the submicrometer range.

Another important feature of nanohydrogels in terms of future
application is the presence of functional groups within their
structure. In principle, the functionalization of nanohydrogels
can combine several objectives. By incorporation of functional
groups volume phase transition behavior of nanohydrogel can be
controlled, where both the absolute value of T and the width of
the swelling transition can be influenced. Functionalization can
also provide reactive sites for postmodification of the nanohy-
drogel. The distribution and accessibility of functional groups are
critical in determining the types of applications; for example,
nanohydrogels designed for attachment of other substances like
enzymes or proteins would contain functional groups at or near
the nanohydrogel surface, accessible for chemical reactions. On
the contrary, nanohydrogels targeted for drug delivery applica-
tions should contain internal functional groups whose access is
diffusion-controlled.

The stability of nanohydrogels at elevated temperature higher
than T, is also of great interest. It is known that nanohydrogel
stability can be improved by introduction of surfactants into the
system or by introduction of i 10n1c or neutral hydrophilic groups
into nanohydrogels structure.* The increase of the stability can
also be obtained by the preparation of particles with well-defined
core—shell morphology, where the cross-linked core is stabilized
by a hydrophilic corona. Then, the hydrophilic free chains
surrounding the cross-linked core are acting as steric stabilizers,
and the particles are remained dispersed over the whole tempera-
ture range.”

The most common method of PNIPAAm nanohydrogel
synthesis is the free radical polymerization of NIPAAm, in water
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in the presence of different additives, e.g., surfactants, stabilizers,
and cross-linker, under emulsion polymerization conditions.
Using this method, homo-PNIPAAm'*~'? nanohydrogels and
core—shell PNIPAAm nanohydrogels were prepared by a num-
ber of research groups.'>~'> However, the synthesis of nanohy-
drogels by free radical emulsion polymerization inheres a lot of
difficulties, making synthesis of well-defined functionalized pro-
ducts complicated. First of all, it could be shown that the
commonly used cross-linker N,N'-methylenebis(acrylamide) has
a higher polymerization rate than NIPAAm. Thus, nanohydrogel
particles did not grow uniformly. The distribution of cross-linker
radially decreased in the particles strongly influencing their
properties.'®!” In addition, usually during nanohydrogel forma-
tion a significant amount of sol fraction (i.e., unreacted mono-
mer, linear or slightly branched polymers) remains and must be
removed by dialysis, which requires sophisticated dialysis equip-
ment and is time-consuming. The removal of surfactants, which
are crucial for the stabilization of polymer system above the
critical temperature, is also a challenging task. It has been shown
that surfactant molecules bond to nanohydrogel structure, influ-
encing their swelling—deswelling behavior and leading to signifi-
cant increase in T, of PNIPAAm nanohydrogels.'® In some cases
due to the binding of surfactants the elimination of temperature
sensitivity of nanohydrogels was observed."

One alternative preparation method of PNIPAAm nanohy-
drogels has been recently developed.”®*' On the basis of the
coil—globule transition phenomenon, stimuli-sensitive photo-
cross-linkable PNIPAAm homopolymers or graft copolymers
containing incorporated 2-(dimethyl maleimido)-N-ethylacryl-
amide chromophore (DMIAAm) have been heated above phase
separation temperature and cross-linked by exposure to UV light.
By random distribution of chromophores in the polymer back-
bone, spatial inhomogeneities caused by differences in cross-
linking density were eliminated.”> However, the presence of
surfactant was necessary in order to stabilize formed aggregates
at elevated temperatures.

In some cases the formation of nanohydrogels occurred under
surfactant-free conditions without the introduction of chemical
cross-linker into the system using self-cross-linking as the result of
chain transfer reaction® or by y-irradiation of linear chains.?*
However, the cross-linking had to be carried out at highly diluted
solutions to suppress extensive intermicellar cross-linking, which
strongly influences yield of nanohydrogels synthesis.

In order to avoid the presence of surfactants but retain
colloidal stability of PNIPAAm nanohydrogels above T,
PNIPAAm nanohydrogels containing hydrophilic PEO seg-
ments were prepared by simultaneous copolymerization of
NIPAAm with PEO macromonomers.”>?® The introduction of
hydrophilic chains improved the swelling—deswelling behavior as
well enabling the control of T, and the width of the swelling
transition. However, despite high solubility, biocompatibility,
and stability of PEO, the lack of functional groups set the limits
for PNIPAAm—PEO nanohydrogels as a material for more
complex structures.

An alternative way to form core—shell particles utilizes the self-
assembly process of block copolgmers. In order to stabilize
micellar structures, either the shell’” or the core®® can be cross-
linked. For the preparation of nanohydrogels the formation of
core cross-linked micelles would be applicatory because the
structures can be prepared from tailor-made and well-defined
polymers. Especially the combination with photo-cross-linking
would lead to a controllable cross-linking process.”’-

The goal of this work was the surfactant-free synthesis of
monodispersed, uniform, submicrometer size, stable, core—shell
PNIPAAm nanohydrogels bearing easily available functional
groups suitable to postmodification. Poly(glycidol) (PGI), a
highly hydrophilic polymer which can be referred as a functional
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Figure 1. Synthetic approach used upon preparation of PGI/PNI-
PAAm core—shell nanohydrogels.

analogue of PEO, where one of the hydrogen atoms in the chain
repeating unit was replaced with a CH,OH group, was intro-
duced into the shell of PNIPAAm nanohydrogels. The general
idea applied in our studies involved the temperature-induced
organization of well-defined PGI-5-PNIPA Am block copolymers
bearing randomly localized chemical functionalities (chromo-
phores DMIAAm) into aggregate assemblies, followed by UV-
induced cross-linking of collapsed PNIPAAm chains. In this
approach stable aggregates were formed, while the stabilization
above phase separation temperature was derived from the highly
hydrophilic PGl shell. The applied strategy is presented schema-
tically in Figure 1.

Materials and Methods

Materials. Dimethylformamide (DMF) (Fluka) and 1,4-di-
oxane were freshly distilled before use. Other solvents were used
as received. Acryloyl chloride (Merck, 96%) was distilled prior
to use. Triethylamine (TEA) (Fluka, 98%) was distilled over
CaH, prior to use. N-Isopropylacrylamide (NIPAAm) was
recrystallized three times from distilled hexane and stored
at 4 °C. Di-tert-butyldicarbonate ((Boc),O) (Acros, 97%,),
dimethylmaleic anhydride (Lancaster, 97%), trifluoroacetic
acid (Aldrich, 99%), silica gel 60 (Merck, 0.040—0.063 mm),
aluminum oxide 90 active neutral (Merck, 0.063—0.200 mm),
copper chloride (CuCl) (Aldrich, 99.995%), sodium chloride
(J.T. Baker, p.a.), sodium carbonate (J.T. Baker, p.a.), tris-
(2-aminoethylamine) (TREN) (Aldrich, 96%), formic acid
(85% Roth GmbH), and formaldehyde (37%, Roth GmbH)
were used as received. Mes TREN was obtained according to a
procedure described by Matyjaszewski®' and stored under a
nitro%en atmosphere.

Cu-MegTREN Complex Preparation. To a small reactor
equipped with stir bar and filled with argon 0.11 g (0.48 mmol)
of Mes,TREN and 0.047 g (0.48 mmol) of CuCl were added. To
remove traces of oxygen, the reactor was evacuated and filled
with dry argon two times. Then 1.0 mL of degassed water was
added, and after stirring for few minutes a dark blue, hetero-
geneous solution was obtained. Finally, the desired volume of
complex solution was transformed into the reactor just before
the onset of polymerization.

Synthesis of Photo-Cross-Linkable PGI-b-(PNIPAAm-r-
DMIAAm) Block Copolymers. Detailed information on PGl
macroinitiator synthesis has been published previously.>? Poly-
(glycidol) macroinitiator with DP = 55 and 100 was obtained by
living anionic polymerization of protected glycidol followed by
esterification of w-hydroxyl group with w-(2-chloropropionyl)
chloride and removal of protecting group of poly(glycidol).
DMIAAmM chromophore was synthesized according to a proce-
dure described in the literature.?

Photo-cross-linkable PGl-/-(PNIPAAm-r-DMIAAm) block
copolymers were obtained using an analogous procedure as we
described previously for PGl-b-PNIPAAm copolymers.®> In
order to ensure formation of cross-link points by UV irradia-
tion, the DMIAAm chromophore was incorporated into the
PNIPAAm block.

General Procedure. 1 g of poly(glycidol) macroinitiator (PGl,,
where x refers to DP of poly(glycidol)) was added to a glass
reactor and dissolved in degassed DMF (Table 1). Under an
argon atmosphere a mixture of NIPAAm and DMIAAm was
added into the reactor (Table 1). The required amount of water
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Table 1. Preparation of Photo-Cross-Linkable PGl,-5-(PNIPAAm-r-DMIAAm?®), Copolymers

n [mmol] volume [mL]

sample n [mmol] of macroinitiator (1 gy NIPAAm  DMIAAm  water DMF  catalyst yield [%]
PGlss-b-(PNIPAAmM-r-DMIAAmM>?); 0.24 26.5 1.3 6 7 1 95
PGlss-b-(PNIPAAm-+-DMIAAmM*7) 10 0.24 40.0 2.0 9 10 1 95
PGlss-b-(PNIPAAmM---DMIAAM*?)340 0.24 80.0 4.0 20 21 1 96
PGlss-b-(PNIPAAm-+-DMIAAM’?) 7 0.24 40.0 4.0 9 10 1 94
PGls5-5-(PNIPAAM-r-DMIAAM® )50 0.24 80.0 8.0 20 21 1 89
PGl|Oo—b—(PNIPAAm—r—DMIAAmz'O)190 0.13 26.5 54 6.5 7 0.5 95
PGl,g9-b-(PNIPAAm--DMIAAmM>*), 0.13 26.5 1.3 6.5 7 0.5 95
PGl,00-b-(PNIPAAM-r-DMIAAmM® )33 0.13 40.0 2.0 9.5 10 0.5 97
PGl,¢-b-(PNIPAAmM-r-DMIAAM*?)55 0.13 80.0 4.0 20.5 21 0.5 85

e 100 -z i irradiation area and left to cool down to room temperature. The

—’_CHZ_CH_O'I_HCHZ'CH Ha— 9‘]} formed nanohydrogels are denoted as H(PGI,-b-(PNIPAAm-r-
CHzc HN/K HN/J\O DMIAAM),). T .

l To evaluate the influence of irradiation time on cross-linking

OH CH f i H K efficacy, cross-linking was carried out for 1 h. Duringirradiation

\C samples were drawn at appropriate periods in range from 0 to
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Figure 2. Structure of PGl,-b-(PNIPAAm-r-DMIAAm®), copoly-
mers.

was added, and all was degassed by three freeze—pump—thaw
cycles. Next freshly prepared Cu'-MegTREN complex solution
was added. The color turned to light blue. A small exothermic
effect (AT = 5—10°C) was noted at the onset of polymerization.
In order to avoid overheating, the reactor was immersed in cold
water. After 6 h the polymerization was stopped by fast freezing
and opened to air. Solvents were evaporated; the residue was
dissolved in chloroform and passed through Al,O3 column in
order to remove copper. After removal of excess of chloroform,
the polymer solution was precipitated twice into 10-fold excess
of diethyl ether. The formed white powder was collected and
dried. The obtained photo-cross-linkable block copolymers (see
Figure 2) are further denoted as PGl,-b-(PNIPAAm-r-
DMIAAm®),, where x and y refer to degree of polymerization
of the blocks and z to the amount (in mol % with respect to the
PNIPAAm block) of introduced chromophore (estimated by
means of "H NMR spectroscopy). 'H NMR (hDZO 500 MHz): 6
(ppm) = 1.0— 13(mHg)13 1.8 (m, HY, H"); 1.8— 22(mHe
H', H°); 3.45—3.65 (m, H*, H®, H®, H', HY); 3.7—3.9 (m, HY).

Synthesis of Nanohydrogels via Photo-Cross-Linking. Nano-
hydrogels were obtained by UV irradiation of an aqueous
solution of PGl,-b-(PNIPAAm-r-DMIAAm?®), block copoly-
mers using a vertically positioned UV lamp OSRAM (100 W). In
order to induce aggregation at elevated temperatures, cross-
linking was carried out in a well-thermostated double-wall glass
reactor, under stirring.

General Procedure. Stock solutions of 5 g/L were prepared by
dissolving 0.1 g of PGl,-b-(PNIPAAm-r-DMIAAm®), block
copolymer in 20 mL of water purified by a Millipore system.
Solutions of lower concentration were prepared by diluting the
stock solution with proper amounts of water. Freshly prepared
copolymer solutions were passed through 0.2 um nylon mem-
brane filter and transferred to 100 mL double-layer glass
reactor. The temperature in of the circulating water in the
reactor was already set to 45 or 55 °C. The polymer solutions
were thermostated for 30 min at elevated temperatures in order
to ensure temperature-induced aggregation and then placed
below vertically fitted UV lamp and irradiated for 45 min.
Cross-linking of copolymers with shorter PGI block (DP =
55) was carried out at 45 °C, while nanohydrogels from copo-
lymers with longer PGl segment (DP = 100) were obtained
at 55 °C. After that time the reactor was removed from the

60 min. To investigate gel formation by the "H NMR technique
polymer samples were prepared in D,O. To confirm cross-
linking by dimerization of DMIAAm and to check the influence
of UV light on the degradation of investigated block copoly-
mers, samples with similar composition but without incorpo-
rated chromophore were also exposedto UV light. For all
experiments other synthetic procedures remained unchanged.

Characterization. The molecular weight and molecular weight
distribution of soluble polymers were determined by SEC-
MALLS measurements at 45 °C in DMF containing 1 mmol/
L LiBr with a nominal flow rate of 1 mL/min. Performing
measurements in DMF as mobile phase column system III
(GRAM 30 A 10> A, 10° A (Polymer Standards Service)) with
refractive mdex detector (An-1000 RI, WGE Dr. Bures) and a
multiangle light scattering detector (DAWN EOS, Wyatt Tech-
nologies (1 = 690 nm)) was used. Results were evaluated using
the ASTRA 4.73 software from Wyatt Technologies. Since
estimation of molecular weight according to SEC-MALLS
measurements require the knowledge of refractive indices the
dn/dc values of PGl,-b-(PNIPAAm-r-DMIAAm®), copolymers
were calculated according the following equation

d—”—w % +w % (1)
de — *\de A B\de B

where w, and wg are mass fraction of pure polymers PNIPAAm
and poly(glycidol) and (dn/dc)s and (dn/dc)B their refractive
index increments in DMF, respectively.*® Values of dn/dc in
DMF were found to be 0.055 mL/g for pure poly(glycidol) and
0.0748 mL/g for PNIPAAm.* Since only small amounts of
DMIAAm were introduced into copolymer structure, its influ-
ence on dn/dc value of copolymer was neglected.

'"H NMR Spectra Were Recorded on Bruker DRX 500 in D,O.
Calorimetric measurements (DSC) were performed using a 2920
modulated differential scanning calorimeter (TA Instruments).
5.0 g/L polymer aqueous solutions were scanned in sealed DSC
cells from 0 to 80 °C in a N, gas flow against an empty reference
cell with heating rates of 5 °C/min.

UV—vis measurements were performed using a Lambda 19
(Perkin-Elmer) spectrometer. Polymer samples with concentra-
tion of 2 wt % were investigated at room temperature in the
wavelength range from 300 to 500 nm. The values obtained for
A = 304 nm were comprised with calibration curve prepared for
DMIAAm to give mol % of chromophore in the polymer
backbone.

Dynamic light scattering (DLS) studies were performed on a
commercially laser light scattering spectrometer (ALV/DLS/
SLS-5000) equipped with an ALV-5000EP multiple digital
correlator. A laser goniometer system ALV/CGS-8F S/N 025
with a helium—neon laser (Uniphase 1145P, output power of



9164  Macromolecules, Vol. 42, No. 22, 2009

Mendrek et al.

Table 2. Characterization of PGl-b-(PNIPAAm-r-DMIAAm®), Photo-Cross-Linkable Copolymers by "H NMR Spectroscopy and
SEC-MALLS Measurements

targeted "H NMR spectroscopy SEC-MALLS

DMIAAmM* DMIAAm* M, dn}{ M, M,/

sample DPpgi  DPpnipaam [mol %] DPpnipAAm [mol %] [g/mol] de [g/mol] M,
PGlss-b-(PNIPAAm-r-DMIAAmM>?), ¢ 55 110 5.0 110 52 17700  0.069 40000 1.6
PGlss-b-(PNIPAAm-r-DMIAAmM™*7) o 55 165 5.0 160 4.7 23900  0.071 40000 1.5
PGlss-b-(PNIPAAm--DMIAAM*?)349 55 330 5.0 340 49 46200  0.073 69700 1.5
PGlss-b-(PNIPAAm-r-DMIAAM’?), 4, 55 165 10.0 170 9.0 26700  0.071 45000 1.6
PGlss-b-(PNIPAAmM-r-DMIAAmM® ) 50 55 330 10.0 280 9.0 41300 0.072 53000 1.5
PGl,09-b-(PNIPAAm-r-DMIAAM*?) 9, 100 200 2.0 190 2.0 29700  0.070 35400 1.4
PGl,0-b-(PNIPAAm-r-DMIAAM>),,, 100 200 5.0 210 5.0 33500 0.070 36000 1.6
PGl,09-b-(PNIPAAM-r-DMIAAM™)35 100 300 5.0 320 5.5 47500  0.071 73000 1.4
PGl,0-b-(PNIPAAm-r-DMIAAM*®)55 100 600 5.0 520 49 71800  0.073 96900 1.3

“Molar ratio with respect to PNIPAAm segment. * For PGl,-b-(PNIPAAm-r-DMIAAm?), block copolymers calculated from eq 1.

22 mW, with A = 632.8 nm) was used. Hydrodynamic radius
measurements were performed at the scattering angle 90°
(Rh.app)- The value of hydrodynamic radius and polydispersity
index (PDI) of the particles were obtained by cumulant analysis
while Ry, distributions were obtained with CONTIN. Nanohy-
drogels samples were diluted 10 times before measurements.

Scanning electron microscopy (SEM) measurements were
performed on Zeiss GEMINI DSM 289 equipment. Samples
were prepared by dropping of diluted nanohydrogel solutions
(5 mg/L) on cleaned microscope glass plate and dried in air at
room temperature for 24 h. The dried samples were sputtered
with 3 nm thin gold layer prior to observation.

Results and Discussion

The stabilization of the aggregates deriving from the copoly-
mer structure by itself, followed by freezing of the structure by
cross-linking, is a promising direction for formation of nanohy-
drogels under surfactant-free conditions. Here we describe the
synthesis of PGI/PNIPAAm core—shell nanohydrogels with
PNIPAAm cross-linked core based on the cross-linking proce-
dure described in the literature.?**!

Synthesis of Photo-Cross-Linkable PGl -5-(PNIPAAm-r-
DMIAAm®), Block Copolymers. The first step of nanohy-
drogels synthesis was the preparation of well-defined photo-
cross-linkable PGl,-b-(PNIPAAm-r-DMIAAmM®), block
copolymers. Such polymers were obtained using an analo-
gous synthetic route as was described previously for PGI-b-
PNIPAAm block copolymers.’® However, for these studies
the photo-cross-linkable DMIAAm chromophore was in-
corporated into the PNIPAAm segment. Two chromophore
molecules are needed to form one cross-linking point.
Though, in order to form network, at least four chromo-
phore moieties had to be incorporated into one polymer
backbone determining the minimum chromophore content
of the PNIPAAm block. DMIAAm was used because of a
few facts: (i) the reactivity coefficients of DMIAAm with
NIPAAm in copolymerization are similar ensuring uniform
random composition of copolymers,** (ii) DMIAAm is less
hydrophobic then most of the photo-cross-linking agents
and thus should not significantly affect the value of PNI-
PAAm transition temperature,”” and (iiil) DMIAAm is tem-
perature and chemical stable with simultaneous ability to
follow [2 + 2] cycloaddition under exposure to UV light.?%>!

A series of photo-cross-linkable block copolymers were
prepared changing the PGl macroinitiator length and the
molar ratio between the PGl and PNIPAAm blocks.
Furthermore, the amount of DMIAAm chromophore in-
corporated into the PNIPAAm block was also varied. It has
to be kept in mind that the minimal mol % amount of
chromophore in PNIPAAm block needed to network for-
mation was dependent on the polymer structure (length of

PNIPAAm block in copolymers) and had to be set for
each block copolymer composition separately. Thus, the
DMIAAm content was fixed to 5 and 10 mol % for copoly-
mers PGlss-b-(PNIPAAm-DMIAAm®), and to 2 and
5 mol % for PGlyy-b-(PNIPAAm-DMIAAmM?), copoly-
mers. The detailed characteristics of copolymers are pre-
sented in Table 2.

As can be seen from Table 2, the molecular weights
calculated from 'H NMR were close to targeted values while
values measured by SEC-MALLS chromatography were
significantly higher than expected. A similar tendency was
already observed for chromophore free analogues (PGI-b-
PNIPAAm block copolymers) and can be assigned to diffi-
culties in SEC measurements of polymers containing
PNIPAAm segments.>>

The obtained SEC chromatograms were monomodal,
confirming successful initiation of the polymerization of
the mixture of NIPAAm and DMIAAm by the PGl macro-
initiators. The decrease of the elution volume was observed
as the molecular weight of the copolymers increased. Ad-
ditionally, when higher chromophore contents were used in
the feed mixture, a decrease in conversion was obtained. This
was especially pronounced in case of copolymers containing
long PNIPAAm segments. The reason for this might be the
DMIAAm double bond which is able to react with the
growing polymer radical but due to steric hindrance cannot
easily transfer the functionality to the next monomer.** The
equilibrium between the dormant and active species of
polymerizing chain was perturbed. As a result growth of
the polymer chain was slowed down, conversion decreased
and M,/M, values increased.

The amount of chromophore incorporated into PNIPAAm
block was calculated independently by '"H NMR spectros-
copy and UV—vis measurements. The results are presented
in Table 3.

UV—vis absorbance of DMIAAm can be seen in the
region 270—310 nm with characteristic maximum at A =
304 nm. The absorbance measured for block copolymers was
compared with the calibration curve to give the concentra-
tion of chromophore in the polymer backbone. Knowing the
composition of the copolymers, the mole content of chro-
mophore in the PNIPAAm block was calculated (calcula-
tions not included).

In case of '"H NMR measurements estimation of chro-
mophore content was more complex as peaks deriving
from chromophore overlapped with peaks deriving from
NIPAAm repeating unit (see Figures 3 and 2 for polymer
structure).

In the region 1.8—2.2 ppm the signal of two CH protons
(e + 1) from NIPAAm and DMIAAm repeating unit and
of two methyl groups (o) (six protons) from DMIAAmM



Article
Table 3. Chromophore Content and 7, Values of
PGl ,-b-(PNIPAAm-r-DMIAAm®),, Block Copolymers
DMIAAm [mol %] T.”[°C]
'"HNMR UV-vis DSC

sample
PGlss-b-(PNIPAAm-r-DMIAAmM>?), 4 52 5.2 32.5
PGlss-b-(PNIPAAm-r-DMIAAmM* ") 49 4.7 4.7 32.0
PGlss-b-(PNIPAAmM-r-DMIAAmM* )34 49 5.0 31.0
PGlss-b-(PNIPAAm-r-DMIAAM’?), 4, 9.0 9.2 28.0
PGlss-b-(PNIPAAm-r-DMIAAm® ),y 9.0 9.2 29.0
PGlygo-b-(PNIPAAmM-r-DMIAAM*®)g 2.0 2.1 33.5
PGl gp-b-(PNIPAAmM--DMIAAM>%),,, 5.0 49 34.0
PGlio--(PNIPAAmM-r-DMIAAM™)359 5.5 5.1 32.0
PGlygp-b-(PNIPAAm-r-DMIAAM*®)55y 4.9 5.0 31.0

“Onset value of the endothermic peak of the heating thermograms.

a+b+c g
+j+k e+ o d+h
— — —

1 \

e
400 350 300 250 200 150 100 050
ppm

Figure 3. '"H NMR spectrum of PGlss-b-(PNIPAAm-r-DMIAAmM™?); 1
in Dzo

chromophore could be found. Based on this information, the
values of peaks area (/) in the region 1.8—2.2 ppm can be
calculated as follows:

I = INipAAm + 7IDMIAAM (2)

where Injpaam and Ipmiaam correspond to intensity of
PNIPAAm and DMIAAm protons in that region. The value
of Intpaam 18 equal to the value of the signal of the isopropyl
proton (f) in the region 3.7—3.9 ppm, while /ppiaam can be
described as InipAAmXmol(DMIAAm)> WHET€ Xmo1(DMIAAM) COT-
responds to the mol % of chromophore in the PNIPAAmM
block. Hence, XmoipmMiaam) Was calculated as presented in
eq 3.

I — INtpAA
Xmol(DMIAAmM) = 77IN:)I:Amm x 100 (3)

Results from both methods were well in accordance
(Table 3). Thus, for clarity, the chromophore content in
copolymer structure was assigned as obtained from the 'H
NMR technique.

The influence of chromophore content on the thermal
response of block copolymers was investigated by means of
DSC (Table 3). The T, value was estimated as the onset value
of the endothermic peak of the heating thermogram. It was
observed that with increase of the chromophore content only
slight decrease of the phase separation temperature occurred
for similar composition of block copolymers. This behavior
was in contrast to the behavior observed for photo-cross-
linkable PNTPAAm homopolymers, where with increase of
chromophore content a much stronger decrease in 7, was
reported.’® This difference was assigned to the copolymer
structure. In case of PGl,-b-(PNIPAAm-r-DMIAAm®), co-
polymers, two opposite effects seems to influence the 7,
value of copolymers. On one hand, the presence of hydro-
philic PGI segment shifts 7. of PNIPAAm to higher values;
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on the other hand, the insertion of hydrophobic chromo-
phore compensates for this effect. As a result, cloud point
values of all investigated block copolymers were only slightly
affected by incorporation of hydrophobic chromophore and
varied from 32 to 37 °C.

Synthesis of Core—shell Temperature-Sensitive Nanohy-
drogels. The PGI/PNIPAAm core—shell nanohydrogels
were obtained using the procedure, which can be briefly
summarized as follows: at given concentration, a solu-
tion of photo-cross-linkable temperature-sensitive PGl ,-b-
(PNIPAAm-r-DMIAAm®), copolymer was heated above 7,
and was irradiated with UV light to introduce cross-linking
points by [2 + 2] cyclodimerization of DMIAAm chromo-
phores (Figure 1). At elevated temperatures the PNIPAAm
segments of block copolymer aggregated, and chromophores
incorporated in the PNIPAAm segments got close to
each other, ensuring short interchain distances between
DMIAAm chromophores, while the highly hydrophilic
PGl shell provided sufficient stabilization of aggregates for
cross-linking. Under such conditions the efficacy of cross-
linking was high.

Different techniques were used to investigate the forma-
tion of cross-linking points in the PNIPAAm block: (i) 'H
NMR spectroscopy for observations of internal structure
changes, (ii) dynamic light scattering (DLS) for hydrody-
namic radii investigation, and (iii) scanning electron micro-
scopy (SEM) to visualize the formation of nanohydrogels.
The influence of parameters such as irradiation time, poly-
mer concentration, temperature, copolymer composition,
and chromophore content on cross-linking efficacy is dis-
cussed below.

Influence of Temperature on Cross-Linking of DMIAAm
Chromophores. Since the preparation method was based on a
microphase separation phenomenon, the influence of tem-
perature on nanohydrogel synthesis was investigated as the
first factor. It is well-known from the literature that the
heating rate plays an important role in aggregate formation,
significantly influencing their size.** Since the formation of
nanohydrogels with small diameter was desired, solutions of
copolymers were heated by one jump from RT to desired
temperature (45, 50, or 55 °C) and irradiated with UV light
for 1 h.

Two samples, PGlss-b-(PNIPAAm-r-DMIAAmM* ),
and PGl po-b-(PNIPAAm-r-DMIAAm>?);50, having similar
content of chromophore (~5 mol %) and similar PGl/
PNIPAAm block ratio (~1:3) but different PGl block length
(DP = 55 and 100), were chosen for first studies. The
formation of nanohydrogels was first investigated at 45 °C,
the temperature higher than the phase transition tempera-
ture of all investigated block copolymers (see Table 3).
Under such conditions nanohydrogels were formed from
photo-cross-linkable homo-PNIPAAm polymers.”*' The
investigations showed at 45 °C the Complete chromophore
consumption which was confirmed by "H NMR (see also
Figure 6). However, formation of monomodal, narrowly
distributed nanohydrogels was observed only, when the
block copolymer aggregates with shorter poly(glycidol)
block (PGlss-b-(PNIPAAmM-r-DMIAAmM*7),40) were cross-
linked (Figure 4).

45 °C was not sufficient to form monomodal, well-defined
nanohydrogel from block copolymer with longer poly-
(glycidol) block (PGlyg-b-(PNIPAAmM-r-DMIAAM’)550)
(Figure 5A). If cross-linking was carried out under these
conditions, DLS measurements after cross-linking showed a
trimodal Ry, distribution function. Besides the expected
nanohydrogel peak, additional peaks corresponding to
non-cross-linked polymer and partially cross-linked polymer
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Figure 4. SEM image of H(PGlss-b-(PNIPAAm-r-DMIAAmM*”),¢0)
prepared at 45 °C.

Figure 5. SEM images of H(PGl,¢-b-(PNIPAAm-r-DMIAAmM™)5,))
prepared at 45 °C (A) and 55 °C (B).

Fl’olymer Pol
0w _N_ o Polymer
V i ’
H,C

Figure 6. Formation of nanohydrogel observed by '"H NMR sgectro-
scopy upon cross-linking of PGlss-b-(PNIPA Am-r-DMIAAmM™*”7); 4.

chains were also observed (data not included). The cloud
point temperature depended on the composition of the
investigated block copolymers and increased with decreasing
relative length of the PNIPAAm block in PGI-PNIPAAmM
copolymers. These findings can be correlated with the beha-
vior of homo-PNIPAAm with similar molecular weights,
indicating that the influence of PGl on the local environment
and phase separation of PNIPAAm chainsis in the order of a
low molecular weight end group. Since block copolymers
with a longer PGl chain possess an elevated transi-
tion temperature, this observation might be due to incom-
plete aggregation of the PNIPAAm chains. However,
the increase of the cross-linking temperature to 50 °C
brought only slight improvement of the system. But when
cross-linking of aggregates formed by PGl;¢o-b-(PNIPAAmM-
r-DMIAAm™?);,, was carried out at 55 °C, the formation of
monomodal, narrowly distributed nanohydrogels was ob-
served (Figure 5B).

Our investigations clearly show that attached PGI chain
strongly affects the local environment and, hence, the phase
separation behavior of PNIPAAm segment in PGl,-b-
(PNIPAAm-r-DMIAAm®), block copolymers. Generally,
above T, hydrophobic interactions within PNIPAAm chains
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dominate and the polymer collapse. At those elevated tem-
peratures, water molecules are expelled from the internal
space of hydrophobic cores and collapsed PNIPA Am chains
get close to each other. In case if chromophores are incorpo-
rated into PNIPAAm chain upon aggregation, their mole-
cules are getting closer as well. To form covalent bonds, the
chromophore moiety in its excited state must react with
another chromophore molecule within the short lifetime. It
is possible only if the density of hydrophobic core and the
distance between polymer backbones reach the required
critical value.

The value of average chain density (oparicie) for collapsed
PNIPAAm was found to be 0.35 g/cm”.>> In contrast to
the homopolymer, PNIPAAm grafted with poly(ethylene
oxide) formed aggregates with considerably lower chain
density,>® which was attributed to the existence of the
low-density hydrophilic PEO shell. In case of PGI,-b-
(PNIPAAm-r-DMIAAmM®), block copolymers above T, the
aggregation forces in PNIPAAm cores are suppressed by the
solubilizing effect of highly hydrophilic PGI chains cova-
lently attached to the collapsed PNIPAAm segment. As a
result, the density of the collapsed core decreased and the
distance between chromophore moieties become larger lead-
ing to a decrease of cross-linking efficacy. This effect was too
weak to influence the formation of nanohydrogels from
copolymers with shorter PGI block; however, it might be
observed in the direct vicinity of 7. In the case of copolymers
with longer PGl formation of monomodal nanohydrogels at
45 °C within 1 h was incomplete. The solubilizing effect of
poly(glycidol) on the PNIPAAm core could be however
suppressed by increasing of the temperature, leading to
complete collapse of PNIPAAm chains. As a result, also
block copolymers with longer PGl chains could be used for
preparation of monomodal nanohydrogels by UV cross-
linking within a few minutes.

Influence of Irradiation Time and Chromophore Content.
The rate of cross-linking was followed independently by
three methods: 'H NMR, DLS, and SEM. The goal was to
optimize the irradiation time in such a manner that the cross-
linking of all chromophore molecules in the polymer pro-
ceeds without polymer degradation. For investigation two
samples with similar composition (PGI/PNIPAAm ratio
~1:3) but with different chromophore content, PGlss-
b-(PNIPAAm-r-DMIAAmM*’), 4y and PGlss-b-(PNIPAAm-
r-DMIAAm9'O) 170, Were used.

The cross-linking of PG155-b-(PNIPAAm-r-DMIAAm4'7)160
by formation of cyclobutane rings of two DMIAAm chromo-
phore moieties was confirmed by '"H NMR spectroscopy in
deuterated water.”*® As cross-linking appeared, the gradual
disappearance of the signal of the chromophore methyl group
at 1.9 ppm was observed (Figure 6). Additionally, the broad-
ening of all PNIPAAm chain signals was noticed a character-
istic feature of network formation. However, due to the signal
overlap of the methyl groups with the PNIPAAm backbone,
the precise time for complete dimerization of chromophore
molecules could not be estimated from the NMR method.

The influence of irradiation time on cross-linking process
was further investigated with the DLS technique. The change
of hydrodynamic radius distribution of nanohydrogels over
time and apparent hydrodynamic radius plotted vs time of
irradiation are presented in Figures 7 and 8.

As can be seen, UV-induced cross-linking of DMIAAm
chromophore was a fast and efficient process. Just after 1
min formation of nanohydrogel was observed. However, at
this stage of the cross-linking two other peaks of non-cross-
linked or slightly cross-linked copolymers were also ob-
served. By further increase of irradiation time the additional



Article

t=1 minA
t=2min
t =6 min
t=10 min ”
t =45 min ]
1 " oo 10000
Rp, [nm]

Figure 7. Hydrodynamic radius distribution at 8 = 90° at dlfferent irra-
diation times by cross-linking of PGlss-b-(PNIPAAm-r-DMIAAmM™*”); 0.
Samples were measured at RT.

100
80

\
A

e
e
= 40/ Y—3 v v
s
20/
o

0 10 20 30 40 50 60
Time of irradiation [min]

Figure 8. Change of the apparent hydrodynamlc I'adlLlS with time for
cross-linking of PGlss-b- (PNIPAAm r-DMIAAm*”), ¢, (M) and PGlss-
b-(PNIPAAmM-r-DMIAAM®®),7o (¥). Lines were added to guide the
eyes.

two peaks disappeared gradually, and after 6 min only one
peak deriving from nanohydrogel particle remained. Never-
theless, after 6 min the cross-linking was not completed. By
further irradiation the nanohydrogel size was still changing
gradually shifting to lower values (Figure 8). The gradual
decrease of hydrodynamic radius of the particles could be
understood as further cross-linking process and formation of
a more compact microstructure of nanohydrogel. Finally,
after 30 min the diameter of the nanohydrogel remained
unchanged, confirming full intrachain dimerization of in-
corporated chromophores.

It is worth mentioning that the rate of cross-linking
appeared to be independent of chromophore content. The
hydrodynamic radius of samples with 5 and 9 mol % of
chromophore reached a constant size within nearly the same
time of irradiation (Figure 8). As expected, the chromophore
content influenced the final size of the nanohydrogels. For
the corresponding PGI/PNIPAAm ratio of block copoly-
mers, the nanohydrogels with higher degree of cross-linking,
obtained from block copolymer containing 9 mol % of
chromophore, exhibited smaller dimensions. It is note-
worthy that in each case monodispersed, well-defined nano-
hydrogel particles with narrow size distribution were obse-
rved.

The progress of cross-linking was also followed by SEM
(Figure 9). The results corresponded well to those obtained
by DLS measurements. After 2 min (Figure 9A) nonsphe-
rical submicrometer-sized structures of nanohydrogels and
partially cross-linked polymer were formed. After 4 min of
UV-irradiation (Figure 9B) still not uniform particles were
detected, while after 6 min for the first time particles with
spherical morphology were observed (Figure 9C). Upon
further irradiation a similar tendency like during DLS
measurements was observed; i.e., the increase of irradiation
time resulted in a decrease of the size of nanohydrogels (in
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Figure 9. SEM images of nanohydrogel formation from PGlss-b-
(PNIPAAm-r-DMIAAmM*7) ¢ after 2 (A), 4 (B), 6 (C), and 45 min (D).

0,1 1 10 100 1000 10000
Rh [nm]

Figure 10. Hydrodynamic radius distribution at 6 = 90° at RT of
PGlss-b-(PNIPAAm), 5, before (O) and after (W) UV irradiation for 1 h.
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Figure 11. Hydrodynamic radlus distribution (6 = 90°) of H(PGlss-
b-(PNIPAAm-r-DMIAAmM*7),4,) nanohydrogels at RT synthesized at
concentrations of 0.1 (O), 5 (a), and 10 g/L (O).

dry state) from 100 nm (Figure 9C) to 70 nm (Figure 9D)
with simultaneous reform of particle morphology.

The irradiation time needed for full consumption of
chromophore was longer than for PNIPAAm copolymers
having no block structure.”® Such differences may be as-
signed to the structure of aggregates formed above T.. As
already discussed for PGl,-b-(PNIPAAm-r-DMIAAm®),
copolymers, the density of the collapsed PNIPAAm core is
lower than for homo-PNIPAAm. Less compact cores results
in lower probability of efficient chromophore dimerization
and therefore decreasing the cross-linking rate.

Influence of UV Light on Block Copolymer Properties. An
important question was also if cross-linking points in nano-
hydrogels were formed only as the result of dimerization of
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Figure 12. SEM pictures of H(PGlss-b-(PNIPAAm-r-DMIAAm*”), ) nanohydrogels obtained at concentrations of 0.1 (A), 5 (B), and 10 g/L (C).

DMIAAm chromophore molecules incorporated into PGl -
b-(PNIPAAm-r-DMIAAm®), copolymers or by formation
of undefined covalent bonds between copolymer chains
upon exposure to UV light. Hence, the analogous block
copolymer PGlss-b-PNIPAAm 7, without incorporated
chromophores was exposed to UV light at the same experi-
mental conditions as used upon cross-linking process. The
hydrodynamic radius distribution of PGlss-b-PNIPAAm 7
solution before and after UV irradiation is presented in
Figure 10.

The DLS measurements clearly showed that both the size
of measured block copolymers and the hydrodynamic radius
distribution of copolymer were not influenced by UV irra-
diation. Additionally, after exposure to UV light no addi-
tional peaks indicating cross-linking were found, excluding
possible undesired cross-linking between copolymer chains.
These results confirmed two important facts: (i) formation of
nanohydrogels from PGl ,-b-(PNIPAAm-r-DMIAAmM®), co-
polymers occurred only by chromophore dimerization and
(i1) stability of copolymers to applied dose of UV light.

Influence of Block Copolymer Concentration. The last
investigated parameter, which could influence the nanohy-
drogel formation, was the concentration of polymer in
solution used for photo-cross-linking. Generally, the size of
aggregates formed from stimuli-sensitive polymers increases
significantly as the concentration of polymer in the solution
increases. At higher polymer concentrations, under the same
cross-linking conditions, i.e., heating rate or temperature,
individual chains have more chances to aggregate and may
form larger and suspended particles. On the other hand, at
higher concentrations intermicellar cross-linking leading to
uncontrolled increase of particle size may occur. Thus,
usually synthesis of nanohydrogels is carried out in diluted
system, often much lower than 5 g/L.*

In Figure 11 the hydrodynamic radius distributions and in
Figure 12 SEM pictures of nanohydrogels obtained from
PG155-b-(PNIPAAm-r-DMIAAm4' )160 copolymer at three
different concentrations (0.1, 5,and 10 g/L) are presented. As
can be seen, spherical, monomodal, narrowly distributed
nanohydrogels were obtained at all investigated polymer
concentration. The size of nanohydrogels increased as poly-
mer concentration increased, however only slightly. A 100
times increase of concentration resulted in change of nano-
hydrogel diameter from 47 to 59 nm. Cross-linking at high
polymer concentration in solution was only possible because
of unique properties of developed system. The efficient
stabilization of aggregates at elevated temperatures by the
surrounding, highly hydrophilic poly(glycidol) shell allowed
us not only to cross-link the block copolymers under applied
conditions but also to prevent interaggregate cross-linking of
hydrophobic PNIPAAm core at elevated temperatures and
high copolymer content in solution.

Summary. Evaluating the obtained results, the optimal
cross-linking conditions for formation of nanohydrogels
from PGl,-b-(PNIPAAm-r-DMIAAm?), block copolymers
were (i) temperature 45 °C for copolymers with shorter PGl

Table 4. Apparent Hydrodynamic Radius of Nanohydrogels Obtained
by UV Irradiation of Photo-Cross-Linkable PGl -b-(PNIPAAm-r-
DMIAAm®), Block Copolymers (R, Measured at RT)

sample Ri app [nm]
H(PGlss-b-(PNIPAAmM-r-DMIAAM’2), o) 36
H(PGlss-b-(PNIPAAm-r-DMIAAmM* ), 4) 52
H(PGlss-b-(PNIPAAm-r-DMIAAmM*?)3,0) 64
H(PGlss-b-(PNIPAAm-r-DMIAAmM® ), 70) 38
H(PGlss-b-(PNIPAAm-r-DMIAAmM’),50) 47
H(PGl,o-b-(PNIPAAm-r-DMIAAmM>),g,) 93
H(PGl,0-b-(PNIPAAm-r-DMIAAM™?),,) 61
H(PGlyo-b-(PNIPAAm-r-DMIAAM>~)350) 64
H(PGl,4o-b-(PNIPAAm-r-DMIAAM*?)550) 66

block (DP = 55) or 55 °C for copolymers with longer PGl
block (DP = 100), (ii) polymer concentration of 5 g/L, and
(ii1) 45 min UV irradiation time. Under these conditions well-
defined, stable, narrowly distributed particles with the hy-
drodynamic radius values in nanorange scale were obtained.
The hydrodynamic radius of nanohydrogels is presented in
Table 4. As can be seen in Table 4, the size of nanohydrogels
was influenced by copolymer composition, length of blocks,
and degree of cross-linking. As expected, hydrodynamic
radius of nanohydrogels increased with increasing PGl/
PNIPAAm ratio, e.g., increasing length of PNIPAAm block
in copolymer. Furthermore, samples with higher degree of
cross-linking showed smaller sizes (for similar copolymer
composition).

Conclusions

In our studies a new method of nanohydrogel synthesis from
temperature-sensitive block copolymers under surfactant-free
conditions and high solid content was developed. Novel core—
shell nanohydrogels with cross-linked PNIPAAm core and
hydrophilic PGl shell were obtained by UV irradiation of
photo-cross-linkable block copolymers above their phase separa-
tion temperatures (7.) in aqueous solution. The presence of the
highly hydrophilic PGl shell prevented precipitation of collapsed
PNIPAAm cores at elevated temperatures, efficiently stabilizing
temperature-induced aggregates and enabling intramicellar
cross-linking.

The first step of nanohydrogels preparation included the
synthesis of photo cross-linkable block copolymers with different
PGI block length, amount of chromophore (DMIAAmM), and
PGI/PNIPAAm block ratio. By combination of anionic and
controlled radical polymerization, well-defined block copolymers
as network precursors with targeted composition were obtained.
The incorporation of chromophores into the PNIPAAm block
only slightly influenced the T, value of block copolymers.

"H NMR, DLS, and SEM techniques were used to follow and
confirm UV-induced cross-linking of aggregates and the forma-
tion of nanohydrogels. The efficacy and rate of cross-linking were
almost independent of chromophore content and copolymer
composition but strongly dependent on length of PGl chains in
the sample. The cross-linking carried out at 45 °C led to
monomodal well-defined core—shell nanohydrogels for block
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copolymers with shorter PGI segment (DP = 55). Cross-linking
of copolymers with longer PGl blocks (DP = 100) under
identical conditions was not efficient and led to broadly distrib-
uted products. This was caused by the fact that the presence of
hydrophilic PGl significantly decreased the density of the
PNIPAAm core and, thus, the distance between chromophore
moieties decreasing rate and efficiency of cross-linking. However,
this could be overcome by increase of the cross-linking tempera-
ture to 55 °C, enabling the formation of well-defined, mono-
modal nanohydrogels also from block copolymers with longer
PGl segments. For the copolymers with similar composition the
size of nanohydrogels decreased with increasing degree of cross-
linking. Furthermore, the size of nanohydrogels increased
with increasing PGI/PNIPAAm ratio, e.g., increasing length of
PNIPAAm blocks in copolymers used for cross-linking. Of great
importance was the fact that all nanohydrogels were stable after
synthesis and did not precipitate from the solution even after long
storage times.
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