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ABSTRACT: Thermosensitive nanogels were prepared from photo-cross-linkable copolyniisagropyl-
acrylamide (NIPAAm) and 2-dimethylmaleinimido ethylacrylamide (DMIAAm). The colloidal nanogels were
formed by UV-irradiated solutions of thermosensitive polymers in water &C49 he size of nanogels could be
controlled by the concentration of photopolymer solutions, the amount of chromophore DMIAAm in the
photopolymer chains, and sodium dodecyl sulfate (SDS) concentrations. Analytical ultracentrifugation could reveal
the degree of swelling of the different nanogel preparations, confirming the data from dynamic light scattering.
In addition, the quantitative determination of un-cross-linked polymer species was possible. Even the determination
of the degree of swelling distribution was reported for a nanogel for the first time. Hydrogel particles could be
prepared with low SDS concentration or even in the absence of a surfactant. Therefore, the effects on swelling
produced by the addition of alcohols to these nanogels could be investigated, excluding the influence of SDS on
the swelling behavior of these nanogels.

Introduction perature-sensitive microgels. In addition, it is not simple to

Poly(N-isopropylacrylamide) (PNIPAAM) nanogels can ex- prepare functional nanogels with complex morphologies by
hibit dramatic and reversible changes in volume and hydropho- traditional methods.
bic—hydrophilic properties upon heating between 30 and@5 In previous publications we reported the development of a
in aqueous media. These submicrometer-sized particles havenovel method to synthesize sensitive nanogels via photo-cross-
recently attracted considerable attention from the scientific linking reactionst®=2! This method can overcome the above-
community. They have been used in various fields of life science mentioned limitations. The principle of this method is based
and technology, such as in controlled drug delivery systems, in on the phase transition phenomena of temperature-sensitive
enzyme and cell immobilization, and in separation technologly.  polymers in combination with photochemistry. At elevated

Until recently, PNIPAAM nanogels have been traditionally temperatures the phase-separated structure of aqueous PNIPAAM
prepared by emulsion or precipitation polymerization. In a copolymer solutions was fixed by UV irradiation. This new
typical emulsion polymerization N-isopropylacrylamide synthesis strategy offers a number of advantages. First, this
(NIPAAM) as monomer, potassium persulfate as initiator, method uses predefined polymers, the properties of which are
sodium dodecyl sulfate (SDS) as surfactant, Aid'-methyl- already known. These properties include compositions, molec-
enebis(acrylamide) (BIS) as cross-linker have been used toular weight, and thermal behavior of the polymers. Second, this
prepare PNIPAAm latice%:!! Various colloidal nanogels with  method may produce sensitive nanogels with homogeneous
different compositions and structures have been tailor-made bycross-linking densities, since these nanogels are prepared from
similar procedure$?-16 polymers with randomly distributed chromophores. Third, one

However, nanogels obtained by these conventional methodscan prepare the nanogels with or without the use of surfactant.
show inhomogeneous cross-linking densities; i.e., each particleThis is particularly important, as in some cases such as
has a gradient in its cross-linking density. It has been shown in investigations of the influence of additional solvents on the
kinetic studies that BIS was consumed more rapidly than degree of swelling of sensitive nanogels, the presence of
NIPAAmM.® The values for the ratio of the nanogel radius of surfactant might significantly influence the results because
gyration to its hydrodynamic radius were in the range-@% surfactants themselves also interact strongly with nanogel
as determined by light scattering. This supports the hypothesisparticles via hydrophobic tails. Finally, it has been demonstrated
about the structure of a nanogel particle having a dense crossthat by the use of the photo-cross-linking method functional
linked core with dangling PNIPAAmM chains at the periph&ri# nanogels with more complex structures can be achié¥éd.
The use of a surfactant is also necessary in traditional methods \we have recently studied the influence of chromophore

to stabilize the system during the reaction. However, the content, surfactant concentration, and irradiation time on the
presence of surfactants, such as SDS, influences the propertiegize of the nanogels prepared by the photo-cross-linking fute.
of the resulting nanogels. For example, it increases the phaserne resultant nanogel particles were rather spherical and showed
transition temperature and affects the swellability of the tem- |5ge changes in hydrodynamic diameters in the vicinity of the
phase transition temperatuie), However, because of the cross-
T Dresden University of Technology. linking method, a relatively high cross-linker (chromophore)
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Scheme 1. Schematic Synthesis of Photo-Cross-Linkable Polymers
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Scheme 2. Formation of Colloidal Nanogels by

cross-linking reaction, and the degree of swelling of the nanogels Photo-Cross-Linking
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Materials. Diaminoethane (Fluka), dimethylmaleic anhydride / ) \. '[
(97%, Lancaster), acryloyl chloride (Merck), @irt-butyl dicar- _—~ Polymerchain

bonate (97%, Acros), and sodium dodecyl sulfate (SDS) were used
as received\-Isopropylacrylamide (Merck) was recrystallized from  yhe mean average radius of gyration of the nanogels. The data were

distilled hexane, and Z;&zobis(isobutyronitrile) (AIBN) was  aken at a temperature of 2& with angles varying from 15to
recrystallized from methanol prior to use. All solvents were purified 145

according to standard methods. Analytical ultracentrifugation (AUC) was performed on a Beck-

Synthesis of the Chromophore2-Dimethylmaleinimido ethyl-  man Optima XL-I ultracentrifuge (Beckman Coulter, Palo Alto,
acrylamiglgl(DMlAAm) was synthesized in four steps as described ca), while simultaneously applying UVvis absorption and
recently’® Rayleigh interference optics. Sedimentation velocity experiments

Synthesis of Photo-Cross-Linkable CopolymersThe PNIPAAM were performed at 25 and 4A€. 380uL of colloidal nanogels
homopolymer and copolymers were obtained by free radical was used for each measurement. Distilled water was used as a
polymerization of NIPAAm with DMIAAm initiated with AIBN reference sample.
at 70 °C in dioxane under nitrogen with a total monomer
concentration of 0.55 mol 1. After required times the polymer  Results and Discussion
was precipitated in diethyl ether, purified by reprecipitation from .
dioxane into diethyl ether, and finally dried in a vacuum for 24 h. ~ Polymer Concentration. The PN|PA2Am photopolymers

Preparation of Nanogels via Photo-Cross-Linking.Solutions were prepared as shown n Schgm%?&.These copolymers
of photopolymers with various concentrations and predetermined POSSessed a LCST behavior. This property could be used to
amounts of SDS in distilled water were prepared at room temper- Prepare colloidal nanogels. At elevated temperatures the phase-
ature. The mixtures were stirred to dissolve all solid components Separated structure of agueous PNIPAAmM copolymer solutions
and then were filtered and left overnight before performing the next was fixed by UV irradiation (Scheme 2).

steps. PNIPAAmM nanogels were prepared from the same photo-
To synthesize the nanogels, the photopolymer solutions were polymer solution (5 mol % DMIAAm in the feed composition)

heated to 43C while being stirred in a reactor. The concentration in distilled water with polymer concentrations of 0.1, 1, 5, and

was 5 g ! unless otherwise stated. The solutions turned turbid 1q g L~ After 60 min of UV irradiation the samples were

within a few minutes, indicating the occurrence of a phase transition diluted with water to a final concentration of 0.1 gifor the
of the photopolymers. Under these conditions, copolymer chains DLS measurements ’

aggregated to form particles. After 15 min at a temperature of 45 - ) . o
°C, the solutions were irradiated using a UV lamp (100 W, OSRAM  The formation of PNIPAAm particles in agueous solution is
GmbH Berlin-Munich). Samples were then drawn off at different probably similar to particle formation following a nucleation
irradiation times for characterization. mechanism in precipitation polymerization. The polymer par-

Photopolymer solutions and corresponding nanogels are abbrevi-ticles with a diameter in the range of nanometers in water at 45
ated by their feed mole percentage of chromophore (5 and 10), °C were then irradiated under UV light.
SDS concentration (0 for 0.000 mmof SDS, 1 for 0.085 mmol Figure 1 shows the influence of polymer concentration on
L™ SDS, and 2 for 2.680 mmol 'L SDS), and time of UV he paricle size of PNIPAAM nanogels. Within each state
iradiation (0 to 60). 16130, for instance, is the sample of (swollen or shrunken), the average diameter of nanogel particles
nanogels from solution of photopolymer with 10 mol % feed | - .

increased linearly with the cubed root of the total polymer

chromophore composition, 0.085 mmotLSDS, and 30 min UV : . . -
irradiation. concentration with an intercept, corresponding to zero-added

Characterization. For dynamic laser light scattering (DLS) a polymer of 55. nm at 40°C. Accqrdlr!g to Pelton et .al"
700 DLS spectrometer (Otsuka Electronics Co.) was used to PNIPAAmM particles smaller than this diameter are colloidally

determine the average hydrodynamic particle size at different N0t stableZ® This linear relationship implies that particle
temperatures. Approximately 2.5 mL of colloidal nanogels was formation can be explained by homogeneous-coagulative nucle-
transferred into a sample cell after being passed through am.5  ation. These observations are in excellent agreement with results
filter. The data were taken with a Hé&\e laser (632 nm wavelength)  reported by Pelton’s research group, when they measured the
at an angle of 90and at various temperatures (180 °C). particle sizes of PNIPAAm dispersions produced by heating
For static laser light scattering (SLS) a FICA 50 spectrometer solutions of linear PNIPAANS However, particle concentration
with a He—-Ne laser (632 nm wavelength) was used to determine increased linearly with polymer concentration (data not shO\eﬁBV
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T T T T T T T Table 1. AUC Data of Different Nanogels in Swollen and Collapsed

350 E State$
] o 20°C
300 o 40°C 0 ] s[Svedberg]
J 1—f deoliapsed[NM] Q
250 o i sample 25C 40°C 25°C 40°C 25°C
1 5-1-10 216 1243 0.24 87 30.5
E‘ 2004 o E 5-1-30 403 1207 0 80 26.9
£ j o 5—-2-30 15 53 0.23 20 7.0
150 © J 10-1-30 232 322 0 45 2.7
© as = sedimentation coefficientslcoiapsea= diameter of the compact
1004 © T particles, and 1- f = soluble fractions. The diameter of the collapsed
1 ° particles was calculated with the densities of15-10 = 1.187 g cn3,
50 B 5-1—-30 = 1.214 g cm3, 5—2—30 = 1.146 g cm?, and 16-1-30 =
1 1.18 g cm3 (data not shown).
0 . . L.
0.0 0.5 1.0 15 2.0 25 5—1—10 this might be expected because the photo-cross-linking
" reaction could not progress to completion within only 10 min

(Polym. Cone. [g/1]) of irradiation® Non-cross-linked polymer chains were trapped
Figure 1. Influence of polymer concentration on average hydrodynamic in the network particles and could only be separated under the
diameter Dy) of PNIPAAM nanogels 51—60 at 20°C () and 40°C influence of a high centrifugal field. The soluble fraction found
©). in sample 5-2—30 may be explained as follows. The particles

By determining this relation at low temperature, the current of 5-2—-30 were .rather ~°:”.‘a” dqe to the small nhumber of
study has also been able to fill a gap left by Pelton and his photopolymer chains preupﬂgted in each particle compared to
associates. While their research used non-cross-linked PNIPAAmSﬁmple?’ 51_ﬁ0 anc_i IS—CI)—dSO. The snnall nl;)mbefr m;lpolymehr
particles, which reverted to polymer solutions upon cooling, the chains in each particle led to a small number of chromophore

PNIPAAM particles used in this study were already cross-linked, 9r°UPS- To form networks via photo-cross-linking, these chro-
enabling them to maintain their UV-irradiated form when mophores must have a chance to meet each other. Therefore,

cooled the small number of chromophores decreased the efficiency of
AUC Measurements. AUC measurements can be used to the cross-linking reactions, and un-cross-linked polymer chains

access the soluble fraction as well as the degree of swelling ofwe_lfﬁ foqnd e;/gn gfltlerflong |(rirad|aF|(|)n. d d he SDS
nanogelg* The soluble fraction can easily be determined as it e size of initially formed particles depends on the
is washed out of the microgels upon sedimentation. The free content and the polymer concentration. Particles prepared under

polymer chains will sediment slower than the nanogels due to identigal conditions have had the same siz.e in the collapsed
their lower molar mass so that their concentration can be Stat€ independent of the cross-linking density. As the soluble

determined. The volume degree of swell@gan be calculated fraction could not be released individually, measurements of
. . . i
from the sedimentation coefficients s of the unswollen and SUCh particles showed the same diameter as traced in'DLS.

swollen spherical particles i At 40 °C, in the collapsed state, sample&]&lo and
P P 5—-1-30 showed almost the same particle diameter and

Sunenole)® sedimentation coefficient despite the fact that almost 25%
Q= ( nswo e’) 1) soluble component was traced for 5—10 at 25°C. At elevated
Sswollen temperatures free chains were trapped in the collapsed networks.

_ o To calculateQ for samples with a soluble fractiopcompact
under the assumption that no soluble fraction is present. In thehas to be known. For samples with no soluble fraction the
presence of a soluble fraction (% f), which can easily be  giameter of the collapsed particles can be obtained from DLS
detected as a slower sedimenting component, the equation ha?neasurements, angtompactCan be calculated via a modified
to be extended to Svedberg equation under the assumption that the particles were

solid spheres:

f  Pcompact™ Psolvent 2 3
= d 2
Q (stollen 18’7 compact) ( ) _ lgﬂscompact
by =p/ T — (3)
Pcompact Po

with 7 = solvent viscosity,0 = density, andd = diameter,

where compact means completely unswollen. The particle The density of the collapsed patrticles was calculated to be 1.158
diameter of the compact unswollen particles can either be g cni 2 via the density of PNIPAAR® and the assumption that
determined in a nonsolvefpr for the thermosensitive PNIPAAmM  the collapsed particles contain 40% water, which has been found
microgels in the collapsed state which is reached at@0 for corresponding macrogels in our group as well as in the

according to light scattering measuremeiit&. The particle literature2® Although this is just an assumption for hydrogel
density is, on the other hand, available via conventional density particles and there are small uncertainties for the real values of
measurements. PNIPAAmM density and water content, the density values can

To determine the degree of swelling and the soluble fraction be assumed to be close to correct as independent sedimentation
left after the nanogel preparation, four samples were selectedexperiments in KO and DO on separately prepared particles
for AUC measurements. As can be seen in Table 1 sampleswith a variety of chromophore or SDS contents as well as
5—-1-30 and 16-1—-30, which were irradiated for 30 min, illumination times have revealed compact particle densities in
showed no soluble fractions, indicating that all linear chains the interval 1.146-1.214 g cm?® (5—1—10: 1.187 g cm?;
have been connected to the network. However, there was an5—1—30: 1.214 g cm?3; and 5-2—30: 1.146 g cm?®) with an
opposite observation for samples 5-10 and 5-2—30 show- average of 1.18 g cri in reasonable agreement with our above
ing a significant soluble fraction. In the case of sample estimation (data not shown). CDV
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Figure 2. Volume degree of swelling distributions evaluated from S( )

sedimentation coefficient distributions in the collapsed and swollen state. Figure 3. Sedimentation coefficient distribution of the deswollen
particles at 40°C on a logarithmic scale (not corrected for diffusion
Since there is a linear relationship between the polymer broadening).
concentration and the particle size, the diameter of the collapsed

particles after extracting the soluble fraction can be estimated 5_01_30' 20% particles have @ between 2.3 and 20.3 and

from the initial diameter and the remaining polymer fraction ~ 60% aQ between 20.3 and 26.7, indicating a rather narrow
It has to be noted that the soluble fractions only occur at 25 degree of gross-llnklng distribution. The_dls_trlbutlon for sample
°C. At 40 °C, they are built into the already existing polymer 10—1-30 is even narrower for the majority of the particles,

particle by aggregation. The degrees of swelling are listed in Where 20% particles have@between 4.3 and 110 and 60% a
Table 1. Q between 2.9 and 4.3. However, fundamental differences

At 25 °C in the swollen state the particles-5—10 despite between the particles also become obvious from the above

the loss of 24% soluble fraction showed a smaller sedimentation d€9ree of swelling distributions. Whereas the highly cross-linked
coefficient than the particles—5—30, indicating a higher sample 16-1—30 shows a very broad tailing toward degree of

friction of the 5-1—10 particles at 258C. These particles were swelling of up to 110 indicating that a minor amourit20%)

less cross-linked and possessed a lower density and a Iargeis only weakly cross-linked with a broad degree of cross-linking

diameter. The higher friction led to a decrease of the sedimenta—dis'[r.ibmion' samp(l)e51—30 shows the qpposite behavior V\(hgre
tion coefficient despite the larger diameter. The smaller size a minor part< 20% is stronger cross-linked than the majority

and lower sedimentation coefficient of sample-16-30 under of the particles. This investigation might reveal some cross-

the same preparation conditions in the swollen state &tC25 linking reactions not der_iving fro_m chromophore reactions.
are attributable to its higher chromophore content, leading to a HOWeVer, in control experiments with PNIPAAm homopolymer
higher cross-linking density. no cross-linking could be observed. Since cross-linking density

These findings are comparable with DLS and PFG-NMR for sample 16-1—-30 is already high the same trend could not

results reported in previous sections/studfeSince the nanogels ge de_tecfted. The cl)ccigrle_ngg of part?cles V.Vt')th lo&"/er CLOST'I'nk'ng
with low SDS content were fully cross-linked after 30 min of ensity for sample can be attributed to the lower

UV irradiation, they could be used for further characterization. mOIECLIJ_lakr_We'Q_‘I_hl: of the prletpolﬁmé%{ ﬁs?lﬂqng ('jn less eﬁ;ecnve"_
Increasing the irradiation time from 10 to 30 min caused two grotsr:sb I?i ':?'V ?Se rnewsuhsnf ;)Wd tail devi 3\?{;6 (t)h S\;]vet u;\g
effects: first, more chains were incorporated into the network stribution reveals a much more detailed vie 0 the nature

(decrease in the soluble fraction), and second, more junctiono.f a crpss-llnklng reaction. The sedllmenta.ltlon coefficient
points between already connected chains were formed (decreasg\'ls.t”bmIonS ShO.W the pronounced polydlspersny of al sa_mples.
of degree of swelling). A more pronounced influence on the ith the exception of sample $A—30, which shows a slight

degree of swelling could be observed by increasing the amoumindication of bimodality, all sedimentation coefficient distribu-
of surfactant or the chromophore contéht tions show a pronounced tailing toward lower sedimentation

For samples without a soluble fraction, the degree of swelling coefficients, which are equivalent to smaller or less cross-linked

. o articles.
can be calculated according to eq 1. Thus, normalization of the P . . .
integral sedimentation coefficient distributions and relation of Evaluation .Of Nanogel Strupture from Light Scattermg
. ) . . Data. To verify the assumption that the photo-cross-linked
the sedimentation coefficients of swollen and unswollen particles nanoaels had a more homoaeneous cross-linked structure than
at the same mass fraction allows the calculation of a degree of 9 9

swelling distribution. The results for samples 530 and 16- goggmgol?akl\tcgggtl?ei:nsyztr?;rl]ss'i: ng;"b'ggg?r:e%f sl':t?cflrﬁ ?r:‘lg
1-30 are given in Figure 2. y 9 g Y p :

Although small errors in the sedimentation coefficients analysis one can determine the dimensionless ratio of the radius
amplify as they are weighed to the third power in the degree of of gyration to the hydrodynamic radius:

swelling distribution calculation and become obvious in the
nonmonotonically increasing distributions and the large oscil- = & (4)
lations at high mass fractions of sample 5-30, the overall R,

distribution is realistic. The results in Figure 2 show that the
degree of swelling distribution and thus the degree of cross- which relates to polymer architectures in solutions. For random
linking distribution of both samples are quite narrow. For sample coils, theo values vary in the range of 1-8..78, depending OIE:DV
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Table 2. Dynamic and Static Light Scattering Analysis of Nanogels with very different properties. In the case of cosolvency, which
at25°C is a very rare phenomenon, a mixture of two nonsolvents for a
sample Rn [nm] Ry [nm] 0=RyR, polymer forms a good solvent. Poly(methyl methacrylate)
5-1-10 128 (PMMA) is an example of a polymer exhibiting cqsolvency.
5-1-30 141 108 0.76 Both water and methanol are nonsolvents for this polymer.
5-2-30 31 27 0.87 However, mixtures with different ratios of methanol to water
10-1-30 64 56 0.87

can dissolve PMMZA® On the other hand, some polymers are

. ) well soluble in two pure solvents, but they cannot dissolve in
the solvent quality, and for hard spheress equal to 0.77871® it mixtures. The latter phenomenon is named co-nonsol-
Theo values for the nanogels are listed in Table 2. It was found g cy27.28

that theo values of PNIPAAM nanogels at 2& vary within PNIPAAmM can dissolve in water and in various polar organic
the range of 0.740.87. T?(fsse results differ from those reported solvents. In water, the polymer exhibits a LCST aF;ound’GgZ

by Senff and Richtering}® where their PNIPAAm nanogels but this LCST can be changed if methanol or other organic

prepared via emulsion polymerization haveralues of 0.55 solvents are added to an aqueous solution of PNIPAAm. A phase

0.6 at temperatures less than or equal t>G0According to : )
these authors, the values of around 0.6 are caused by the gradienﬂ!agram of PNIPA.Am asa funct|on' of methanol, THF'. ".“.‘d
ioxane composition in solvent mixtures shows an initial

architecture of their nanogels. The particles are strongly swollen, . ; . . o
and the network density decreases at the particle surface due té}lepressmn of the cloud point and a sudden increase in solubility.
a higher polymerization rate for BIS than for NIPAAm. The Abo.v?] the volumg frac“?? ?f ".‘e”?a”;' (?]'66)’th6 LCSTh
nanogel particles had a cross-linked core covered with dangling vanishes, suggesting a critical point in the phase diagram. The
chains. In the case of the photo-cross-linked nandgeis still phenohmena Vgﬁg‘g systematically investigated by different re-
higher thanRy, though not much, indicating that the friction sear.c group 3 . . . )
which determine®, (via the Stokes Einstein law) is less than Mielke and Zimehl investigated the influence of four different
that found by Senff and Richtering for the nanogels with alcohols on the swelling behavior of cationic and anionic
dangling chains. This suggests a more homogeneous cross-linke§harged PNIPAAm nanoge®$.The surface charge of latex
structure of PNIPAAm nanogels made by photo-cross-linking. Particles originates from initiator groups. Four alcohols were
This is also in agreement with the results of the degree of Utilized in the study, including methanol, ethanol, 1-propanol,
swelling distributions in Figure 2, which show that the majority @nd 2-propanol. Reverse swelling and deswelling behavior
of the particles are homogeneously cross-linked as evident in aP&tween positive and negative latex systems were described.
similar degree of swelling. However, absolute values of the However, all the nanogels contained surfactants. The presence
hydrodynamic radius are larger measured by DLS because her®f SDS may have influenced the swelling behavior of these
values are intensity-averaged and AUC values are weight- nanogels be(_:ause SDS qlso possesses strong interactions with
averaged. nanogel particles, where its hydrophobic tail can interact with
The more homogeneous structure of the hydrogels can pethe hydrophobic parts Qf PNIPAAm. The influence of alcohols
attributed to the two-step synthesis of the particles. In the first ©n the LCST and swelling behavior of neutral nanogels has not
step corresponding prepolymers were prepared by free radicaly®t been reported.
polymerization. Within the PNIPAAmM prepolymers the cross- ~ The PNIPAAm particles prepared by photo-cross-linking of
linker DMIAAm was randomly distributed in the polymer PNIPAAmM copolymers were neutral, as an AIBN initiator was
chains?? In the second step, the nanogel particles result from used in the free radical copolymerization of NIPAAmM. In
aggregation of hydrophobic globules. By statistical consider- addition, hydrogel particles can be prepared even in the absence
ations there should not be a difference in the chromophore of a surfactant® Thus, there is a significant difference between
content and thus in the cross-linking density in the particle core the PNIPAAm nanogels used in this study and those in other
or at the particle shell. Therefore, a gradient in the cross-linking systems, in that these nanogels can lack the presence of
density of the nanogel particles can be avoided. #halues surfactants (such as SDS). Therefore, when investigating the
of the investigated nanogels approach the range for hard spheresffects produced by the addition of alcohols to these nanogels,
It is supposed that the nanogels have a cross-linked and compacihe influence of SDS on the swelling behavior of these nanogels
surface, instead of dangling chains, as in the case of nanogelsan be excluded. Four alcohols were used, and the sample
prepared by emulsion polymerization. preparation conditions were almost identical to those used in
Influence of Alcohols on Swelling Behavior of Nanogels.  the preparation of the charged nanogéBNIPAAm nanogels
In water-swollen gels of PNIPAAm the LCST and accompany- With 5 mol % DMIAAm were employed for the current
ing changes in the polymer conformation result from a investigation. Before measurement, the PNIPAAM nanogels
disturbance in the balance between hydrogen-bonding andwere diluted with alcohols to a final weight fractiorf b g of
hydrophobic effects. Hydrogen bonding between water mol- polymer L™%. The dispersions in alcohelvater mixtures were
ecules and the amide groups of PNIPAAm leads to high left at 20 and 40°C for 24 h to establish the swelling and
orientation of water molecules around the polymer. Such water deswelling equilibrium. Figure 4 shows the swelling behavior
polymer interactions contribute favorably to the enthalpy ©f the PNIPAAm nanogels-50—30 in different alcohot water
changes associated with the formation of hydrogen bonds butmixtures at 20°C.
unfavorably to the entropy of mixing. As the solution temper-  The neutral nanogel particles first shrunk after alcohols were
ature is raised, the entropy of mixing becomes dominant, leadingadded. However, they then swell with increasing alcohol
to a positive free energy of mixing; i.e., a two-phase system is fractions, which is similar to the alcohol-induced swelling
favored. behavior of cationic and anionic microgels reported in the
Cosolvents, which affect such highly oriented structure of literature3! The degree of swelling and deswelling of the
water and hydrophobic interactions, are expected to change theparticles varies in different alcohol systems. Alcohols with
LCST of linear PNIPAAmM and the swellability of PNIPAAmM  longer chain lengths have more pronounced effects on the degree
nanogels. The mixing of two solvents can result in mixtures of swelling of the nanogels. In fact, the nanogels swell HEJBR/
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Figure 4. Influence of alcohols on average hydrodynamic diameter Eigyre 5. Influence of alcohols on average hydrodynamic diameter
(Dr) of PNIPAAM nanogels 50—30 in water mixtures at 20C (0, (Dr) of PNIPAAmM nanogels 50—30 at 40°C (0, methanol(, ethanol;
methanol;O, ethanol;A, 1-propanol;v, 2-propanol). A, 1-propanol;v, 2-propanol).

considerably in 2-propanol, as compared to 1-propanol and mixtures the nanogel diameter increased considerably up to 40
ethanol. The average diameter of nanogel particles increase/ol % methanol, after which the increases in particle sizes were
~3 times in the presence of 60 vol % of 2-propanol. However, insignificant. In the mixtures with ethanol, 1-propanol, and
at the same volume fraction of methanol, the size of the nanogel 2-propanol, the nanogels swelled significantly with all increasing
particles only approaches their original size in pure water. As alcohol fractions until the upper limit for this set of experiments
the methanol concentration increases from zero, the size of thewas reached. There appears to be a linear relationship between
nanogels decreases, achieving a minimum radius at around 30anogel diameter and alcohol fraction. At the same alcohol
vol % methanol. These phenomena are in good agreement withconcentration, the nanogels again swell most significantly in
results reported by Hirotdtifor neutral PNIPAAmM macrogels ~ 2-propanol and then in 1-propanol, ethanol, or methanol.
in methanokwater mixtures. The different hydrophobicities of the alcohols, and thus the
The phenomena described above can be explained in termsspecific alcohol adsorption to PNIPAAm chains, explain why
of co-nonsolvency/~2° and hydrophobic interactions between the nanogel can swell at very low alcohol contéftslo co-
polymer and solvent& At low alcohol concentrations, alcohol ~ nonsolvency can take place, as the polymers became hydro-
molecules are kept apart from the nanogels by the formation of phobic and separated from the water at elevated temperatures.
hydration cages around each molecdlender these conditions, ~ The neutral nanogels in alcohalvater mixtures at 40°C
the polymerwater interactions are essentially undisturbed by behaved differently to particles in anionic PNIPAAm latex
the presence of the alcohol molecules. As the alcohol volume systems. The anionic particles exhibited maximum and mini-
fraction increases, there are no longer sufficient water moleculesmum average diameters in ethanol and 1-propanaiter
to provide clathrate cavities for all the alcohol molecii€Ehe mixtures. For cationic particles, the particle diameters increased
free alcohol molecules can then interact with polymer segments. when the ethanol concentration was raised, but in a 1-propanol
The size of swollen nanogel particles decrease in the presencavater mixture this trend vanished and maximdminimum
of 10—30 vol % of methanol, 1530 vol % of ethanol, and peaks were observéd.
5—15 vol % of 2-propanol or 1-propanol, indicating changes  In summary, the neutral nanogels studied showed a different
in the relative roles of alcohelpolymer, watetpolymer, and behavior in alcohoetwater mixtures in comparison to the
alcohol-water interactions. There should be a competition literature reported charged nanogels. The lack of charges on
among these interactions within the concentration ranges. It wasthe particles and the absence of SDS from the systems could
found that watermethanol interactions are stronger than have affected this behavior. The deswelling of nanogels in
PNIPAAmM—water interactiond? The authors suggested that the alcohol solutions is due to the co-nonsolvency effect, whereas
co-nonsolvency of the metharelvater mixture results from their swelling at high alcohol concentrations is attributable to
the water-methanol interaction. The different ranges of alcohol hydrophobic interactions between the alcohol molecules and the
volumes in which the nanogels deswell could be attributed to hydrophobic groups of the polymer chains.
the carbon chain lengths in the alcohols. .
In solutions of higher alcohol concentrations, the alcehol ~ Conclusion
polymer interaction becomes predominant. The hydrophobic The colloidal PNIPAAmM nanogels were formed by UV-
interactions of alcohol molecules with hydrophobic groups of irradiated solutions of thermosensitive polymers in water at 45
PNIPAAmM cause the nanogel particles to swell again. It appears°C. Within each state of swelling (swollen or shrunken), the
that the alcohols with two methyl groups have stronger average diameter of nanogel particles increased linearly with
interactions with the polymer segments than alcohols with only the cubed root of the total polymer concentration. This linear

one methyl group. relationship implies that particle formation can be explained by
Figure 5 illustrates the swelling behavior of the-&—30 homogeneous-coagulative nucleation. Particle concentration
nanogel in alcohetwater mixtures at 40C. At this temperature, increased linearly with polymer concentration as well.

the nanogels were in their shrunken state in pure water. Analytical ultracentrifugation could reveal the degree of
However, the nanogels exhibited swelling in all alcohatter swelling of the different nanogel preparations, confirming the
mixtures. The degrees of swelling were affected by the nature data from dynamic light scattering. In addition, the quantitative
of the alcohols and their concentrations. In methanater determination of un-cross-linked polymer species was poss&ktlf\./
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Even the determination of the continuous degree of swelling (7) Pelton, R. H.; Pelton, H. M.; Morfesis, A.; Rowell, R. Langmuir
distribution was reported for a nanogel for the first time obtained 1989 5, 816-818. . .

) . . . . (8) McPhee, W.; Tam, K. C.; Pelton, R. Colloid Interface Sci1993
with a single analytical technique and extending the already 156, 24-30.
reported possibility to combine average particle sizes from DLS (9) Wu, X.; Pelton, R. H.; Hamielec, A. E.; Woods, D. R.; McPhee, W.
and centrifugation experiments to yield the swelling degree for Colloid Polym. Sci1994 272, 4|67—477- _
various microgels from a distributidtHydrogel particles could (10 I;Zm' K. C.; Ragaram, S.; Pelton, R. Eangmuir 1994 10, 418~
be prepared with low SDS concentration or even in the absence(11) pelton, R.; Wu, X.; McPhee, W.; Tam, K. C. Golloidal Polymer
of a surfactant. Therefore, the effects on swelling produced by Particles Goodwin, J. W., Buscall, R., Eds.; Academic Press: London,
the addition of alcohols to these nanogels could be investigated 199s.

- . - - '(12) Murray, M.; Rana, F.; Hag, I.; Cook, J.; Chowdhry, B. Z.; Snowden,

excluding the influence of SDS on the swelling behavior of these M. J.J. Chem. Soc., Chem. Commi894 1803-1804.
nanogels. The deswelling of PNIPAAmM nanogels in alcohol (13) Islam, A. M.; Chowdhry, B. Z.; Snowden, M.J. Phys. Chen995
solutions is due to the co-nonsolvency effect, whereas their 99, 14205-14206.

; ; ; ; : (14) Chowdhry, B. Z.; Snowden, M. J.; Vincent, B.; Morris, GJEChem.
swelling at high alcohol concentrations is attributable to Soc., Faraday Trans1996 92, 5013-5016.

hydrophobic interactions between the alcohol molecules and the(15) Gan, D.; Lyon, L. AJ. Am. Chem. So@001, 123 7511-7517.

hydrophobic groups of the polymer chains. (16) Debord, J. D.; Lyon, L. ALangmuir2003 19, 7662-7664.
(17) Senff, H.; Richtering, WJ. Chem. Phys1999 111, 1705-1711.
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