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ABSTRACT: Graft copolymers of poly(2-vinylpyridine), P2VP, grafted to a backbone of PNeisgpropyl
acrylamide), PNIPAM, are investigated concerning their thermosensitive behavior in aqueous sBUNOMR
monitors the coil-to-globule transition by quantifying the fraction of mobile segments in the liquid state. Field
gradient NMR diffusion studies reveal a decrease of the hydrodynamic radius with temperature as the lower
critical solution temperature (LCST) is approached. The LCST and the width of the transition of PNIPAM are
increasing with grafting density and decreasing upon salt addition, which is attributed to electrostatic forces. The
grafted segments become partially immobilized only for low grafting density. For high grafting density a fraction
of the backbone segments remains mobile even above the L2&EISShin relaxation rates of the hydration water
indicate the presence of water molecules with very slow dynamics in the transition regime, whereas above and
below the transition only fast water dynamics is found.

Introduction comparable with that of the homopolymer, the transition
vanishes with increasing charge density.To minimize the
effect of charged comonomers on the LCST, the comonomer
structure should resemble that of the NIPAM monomer. Thus,
a charged co-PNIPAM, containing 10 mol % acrylamide,
bearing carboxyl groups, was analyzed in solution. DSC,
turbidimetry, 'H NMR, and PFG-NMR diffusion showed a

Thermosensitive polymers exhibit a coil-to-globule transition,
which is of large interest for a number of applications that
require the switching of material properties with temperature.
Application areas are for example drug delivery, bioseparation,
or microfluidics. Examples are the separation of DNA by
capillary electrophoresisgnzyme isolation, where a specific . )
technique is used to separate antigens and enzymeshe phase trgﬁnf;tmn, which was equally sharp as for the homo-
buildup of temperature-switchable valves for microscopic fluid polymer
devices? Furthermore, thermosensitive polymers are considered Adsorbed at interfaces and subject to geometric restrictions,
as a model to elucidate the role of water molecules in thermal however, the transition of the same copolymer was very sensitive
denaturation of natural polymers such as protéifigor several  to the presence of the charged comonorieis. conclusion,
applications a hydrophilic/hydrophobic balance of thermosen- statistical copolymers cannot be considered ideal structures for
sitive polymers shifting the phase transition to values around the formation of thermosensitive layers on the basis of elec-
room temperature or body temperature is desirable. trostatic buildup principles.

One of the most intensively studied polymers in this field is A novel idea of minimizing the charge effects on the transition
poly(N-isopropylacrylamide), PNIPAM, which exhibits a sharp is based on a spatial separation of the electrostatic function from
coil-to-globule transition in water at an LCST of 32. Raising the thermosensitive function. To achieve this, thermosensitive
the temperature above the lower critical solution temperature graft copolymers have been synthesie#. The new types of
(LCST), PNIPAM chains in solution undergo a structural copolymers combine the thermosensitive PNIPAM with a pH-
transition to insoluble globular particles. The phase transition sensitive component such as poly(2-vinylpyridine) (P2VP). The
is accompanied by a release of bound water molecules fromidea is to achieve a high flexibility of the main chain even in a
the polymer chain, which is an endothermic process. stratified 2-dimensional layer arrangement since electrostatic

To create functional materials from molecular constituents, binding can occur via the grafted chains, if they are dissociated.
modern methods of self-assembly are advantageous; howeverFirst DSC curves of such copolymers in solution showed a shift
they require the introduction of interacting groups, for example, of the LCST to higher temperatures with increasing grafting
charged segments for the electrostatic layer-by-layer appfofch. ~ density and in addition a broadening of the transition.
Previous investigations of PNIPAM statistical copolymers Successful formation of multilayers by alternating deposition
containing various charged comonomers, however, showed awith a polyanion has already been demonstrated.
major influence of charged groups on the phase transition Similar graft copolymers have also become of interest in
properties: While at low charge density the transition is studies of the phase transition behavior in solution. A series of

recent papers deal with the effect of poly(ethylene oxide) graft
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Scheme 1. Molecular Structure of Thermosensitive Copolymers
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observed between these cases. For each temperature, the equilibra-
tion time is then 20 min. NMR investigations are performed on a
400 MHz Avance spectrometer (DMX 400, Brukeli spectra of
the polymers are taken with a liquid-state probe head by acquisition
after a 90 pulse. These conditions allow the detection of “liquid”
spins only, i.e., spins with a sufficiently sloWs relaxation time
(T, > dead time) and a narrow liquid spectrum. For temperature-
o N dependent signals, the resonance at 1 ppm, arising from @i
o 0 groups, is evaluated.
©)L " 2H spin relaxation rates of water are determined in a broadband
Z N liquid-state probe head. To obtain the relaxation tifpethe Carr-
S | Purcel-Meiboom-Gill (CPMG) sequence, described@s-90,°—
(d,—180°—), is applied. For the determination of the relaxation
. . time Ty, the inversion recovery sequencke+(180—-7—90)] is used
by NMR methods. The phase transition of such copolymers is ith a relaxation delag; = 15 s. In both methods, the echo decay
determined far below the overlap concentrationblyliquid is evaluated by a monoexponential fit function, resulting in the
NMR. Since the presence of salt in a polymer solution induces corresponding relaxation rate.
modifications of the polymer conformation, the transition of  Self-diffusion coefficients of thermosensitive polymers in solution
thermosensitive copolymers was also studied in salt solution. are determined by pulsed field gradient (PFG) NMR employing a
To establish the conformational changes of thermosensitive graftprobe head with gradient coils (Bruker DIFF 30). A stimulated echo
copolymers monitored as a function of temperattireliquid- sequence with gradient pulses of a lengthdot= 1 ms and a
state NMR is employed. Here, the motion of the grafted Maximum gradient strength of 300 G/cm is emplo_yed. The d|f_fu3|0n
segments in comparison with that of the main chain is time isA = 210 ms. A known problem for nonviscous solutions,

. - . TR in particular at high temperatures, is convective flow arising from
I“\éﬁ?(;lg:rtlzds?))lll d?sr;iﬁgho‘fjss;irgglpyinzﬁzifegt?ic?eglgsggmgsOf small temperature gradients in the sample, which leads to an

apparent enhancement of the diffusion coefficient. To avoid

are supject to strong dipolar coupling, v_vhich Ieads_to a fast convection, we apply a sample geometry according to Hedin and
relaxation and, therefore, to a substantial broadening of the Furo24 The NMR tube (diameter 5 mm) is inserted into a large

signal which cannot be detected in a liquid-type experiment. NMR tube (diameter 10 mm) and centered with a Teflon holder.
“Liquid” spins show a fast isotropic motion with a very slow The space between the two tubes is filled with a proton-free
relaxation. The selective detection of “liquid” spins thus offers chemical of high viscosity (CG). This geometry ensures a

a simple possibility to monitor molecular dynamics. Further homogeneous temperature. Test experiments under variation of the
investigations concern the dynamics of the hydration water as diffusion time proved the absence of convective flow under these

a function of temperature usirf§l solvent relaxation measure-
ments.

Materials and Methods

Chemicals.Two different thermosensitive copolymers with high
and low grafting density are investigated. They consist of a
thermoreversible main chain of poN{isopropylacrylamide)
(PNIPAM) and weak polyelectrolyte chains of poly(2-vinylpyridine)

conditions. A temperature sensor with a precisiont@.1 °C is
immersed into the CGlto determine the sample temperature.
Polymer diffusion coefficients are determined from thieresonance
of the —CHjs groups.

Theory of Solvent Spin Relaxation

For mobile small molecules, such as solvent molecules,
typically, fast motion ensures an isotropic averaging of all

(P2VP) grafted to the main chain (see Scheme 1). The synthesis isinteractions. Provided that the correlation timef this isotropic

performed by radical copolymerization of chains of poly(2-
vinylpyridine) (P2VP) as macromonomer with padi¢{sopropy-
lacrylamide) (PNIPAM), as described previoustyThe P2VP

motion (for example, rotational diffusion) i& << l/iwo (wo:
Larmor frequency), then the spitspin and the spinlattice
relaxation rates are equal, a regime termed “extreme narrowing”.

macromonomer is synthesized using nitroxyl-mediated radical For2H with quadrupolar interaction as the dominant relaxation

polymerization of 2-vinylpyridine with a following transformation
step of the terminated hydroxy-functionalized controlling agent to
an acrylic ester, leading to a controlled block length.

Two different copolymers are synthesized from identical graft
chain lengths: PNIPY-HN,, = 178 000) and PNIPY-LNl,, =

90 500) have a molar monomer ratio between the main chain and
charged grafted side chains of 1.42:1 and 6.33:1, respectively.

Because of vinylpyridine groups, the PNIPY polymers are soluble
in aqueous solutions only at low pH.

Sodium chloride (NaCl) (AR grade) and hydrochloric acid
(fuming 37%) are obtained from Merck. For all experiments, either
ultrapure water (KO, three-stage purification system (Seradest),
resistivity > 18 M2/cm) or DO (99.98% isotopic purity, purchased
from Chemicals and Trading) is used.

Solutions. If not indicated otherwise, polymer solutions are
prepared in RO:H,O (1:1, molar ratio) as the aqueous solvent and
adjusted with HCI to a pH value of 2. Polymer solutions of 8 mg/
mL are prepared salt-free or in 0.015 M NaCl. NMR tubes are
filled with 270 uL of polymer solution, and a plastic stopper is
placed about 23 mm above the solution surface in order to avoid
water evaporation.

NMR Experiments. Temperature-dependent NMR experiments

mechanism, and the spectral densl{w) given by isotropic
rotation withJ(w) = 7/(1 + w?r?), the relaxation rates can be
expressed 8%

2

Ri=R,= 4 2t

1)

wherey is the quadrupole coupling constant @RdandR; are
the relaxation rates for spifiattice and spir-spin relaxation,
respectively.

The simplest description of water in a heterogeneous system
is a two-site model, where water molecules can occupy two
different sites, which we describe as “free” and “bound”
sites?6-28 “Free” water molecules exhibit the same dynamics
as in pure water. For colloidal dispersions, the bound site
consists of all water molecules adsorbed to or incorporated into
the colloidal particle and thus exhibiting reduced dynamics. In
the regime of fast exchange, typically valid for small solvent
molecules, the exchange time, between the two sites is fast

are performed either on freshly prepared samples or on samplescompared to the time scale of the NMR experimenivk).
equilibrated at least 1 week at room temperature. No difference is Then, the investigated NMR parameters such as relaxation rates
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Figure 1. Variation of diffusion coefficient with the polymer concen-
tration: @) PNIPY-H and ®) PNIPY-L in 0.015 M NaCl at pH 2
(adjusted by HCI). The lines are guides to the eye.

(R1, Rz), chemical shifts, etc., are weighted averages over both
sites:

R = f,Rp + fiR; (2
wheref; andf, are the fractions of solvent molecules in the
free and bound site, respectively.

To facilitate the evaluation of the relaxation rate in hetero-
geneous systems, a specific relaxation Rtgnormalized to
that of the solvent in free site®] = Ry) is introduceck®

54

3)
R

Risp

such that it is

Risp = beib,sp (4)
with Rpsp= (Rp — RO)/RI0 Rosp monitors the relative changes
of the relaxation rate due to an increase of eith@r Ry sp It
thus monitors the net water immobilization in the system, which

can be increased by an increase of the fraction of bound water

immobilized at the colloidfy,, or by a reduction of the dynamics
of this fraction, leading to an increasemfand thus an increase
of Ropsp(see eq 1). Thus, specific spitattice relaxation rates
(Risp and specific spirrspin relaxation ratesRpsy) serve as
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Figure 2. (a) Diffusion coefficient scaled on water viscosity and
temperature as a function of temperature and (b) variatidR,ofith
temperature. Polymer concentration: 5 mg/mL in 0.015 M NacCl at
pH 2.1, PNIPY-H; ®, PNIPY-L. The lines are simply connecting the
data points.

concentrations employing the Stokesinstein equation

ke T
D=—— 5
wherey is the solvent viscosity, results in about 10 and 8 nm
for PNIPY-H and PNIPY-L, respectively. The difference
between diffusion coefficients of PNIPY-H and PNIPY-L can
be attributed to different molecular weight and different
structure: In PNIPY-H the higher grafting density leads to a
larger extension of the chain due to self-repulsion.

For both copolymers, there is a limiting concentration of 10
mg/mL, above which the diffusion coefficient is decreasing with
the polymer concentration. The decrease can be attributed to
entanglement of the chains of neighboring coils.

From the values ofRy another estimate of an overlap

parameters, which describe the average immobilization of water concentration can be obtained with the help of a space-filling

molecules in a colloidal dispersion.

Results and Discussion

1. Polymer Diffusion. Concentration Dependencéd NMR
self-diffusion coefficients of thermosensitive copolymers are

evaluated on one hand to determine the overlap concentration
and on the other hand to investigate changes of the polymer
conformation as the LCST is approached. The overlap concen- i
tration is an important parameter since above this concentration

the LCST behavior might be altered due to interchain interac-
tions.

model of densely packed spheres: It is assumed that coils with
Ry corresponding to that of the polymer coil in dilute solution
are arranged in a hexagonal close packing. The concentration
Cnp then results in about 50 mg/mL for both polymers. This value
is a factor of 5 larger than the onset of the decrease of the
diffusion coefficients at about 10 mg/mL. The onset of the
decrease of the diffusion coefficient in Figure 1 can thus be
attributed to restricted diffusion of a chain in a solution of other
hains.

Temperature Dependencéhe temperature dependence of
the diffusion coefficient at low polymer concentratiortg
Co) can monitor conformational changes of single chains as the

Figure 1 shows polymer diffusion coefficients in dependence phase transition temperature is approached. Diffusion experi-
on the polymer concentratiasp. At low concentrations below  ments at low concentratiortf = 5 mg/mL) show an increase
co = 10 mg/mL, the diffusion coefficient is constant, represent- of the diffusion coefficient with temperature. However, accord-
ing the free diffusion of single chains. An estimate of the ing to eq 5, this is partially due to the temperature itself and
hydrodynamic radiuy from the diffusion coefficients at low  the decrease of water viscosity with temperature. In Figure 2a,
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Figure 3. NormalizedH NMR signal intensities of-CHz groups in

PNIPAM solution ¢ = 5 mg/mL, pH = 2) in dependence of

temperature: (@) salt-free solution; (b) in 0.015 M NaCl. Solid

symbols: heating; open symbols: cooliil. PNIPY-H; ®, PNIPY-

L. Lines represent fits according to eq 6.
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the diffusion coefficients are therefore normalized on solvent
viscosity and temperature.

Below the critical temperature, the normalized diffusion
coefficientDy/T is slightly increasing with temperature, which
can be interpreted as a continuous shrinkage of the coils; se

reorganization might probably be similar to the “crumpled coils”
of an individual PNIPAM chain in solution as assumed by Wu
and Wang?® A similar pre-transition shrinkage had been found
in diffusion experiments of the homopolymer PNIPARThe
shrinking is less pronounced in the case of PNIPY-H due to

the higher density of charged arms than in the case of PNIPY-

L.

Above a critical temperature, which is close to the transition
temperature of the homopolymer (32), a steeper increase of
the normalized diffusion coefficient is detected until a plateau

PNIPAM Graft Copolymers with Charged Side Chaing361

Table 1. Fit Parameters Describing the Coil-to-Globule Transition

salt-free 0.015 M NacCl
Te width T width
(°C) (K) b (°C) (K) b
PNIPY-H  39.8+0.4 3.3 014 36:0.3 1.7 0.20
PNIPY-L 35.5+ 0.2 1.7 0.05 34:0.1 1.0 0.07
PNIPAM2  32.0£ 0.2 <1 0.0

aData for the homopolymer PNIPAM are taken from refs 14 and 15.

of liquid signal reflects the decrease of the relaxation tifpe
due to the formation of “solid” spins and thus the presence of
globular particles. NormalizedH signal intensities of both
copolymers are shown for salt-free and 0.015 M NaCl solution
in parts a and b of Figure 3, respectively. The ionic strength of
0.015 M NaCl is chosen below the limiting concentration, above
which precipitation instead of the formation of dispersed
globules occurg?

The decrease of the liquid signal reflects the presence of solid
segments owing to the globule formation; therefore, this signal
is taken as a parameter that monitors the remaining amount of
the mobile polymer segments.

For both thermosensitive copolyméts NMR intensities are
constant up to about 3. Above this temperature, thel NMR
signal of PNIPY-L decreases more steeply than that of PNIPY-
H. Far above the LCST théH intensities of PNIPY-H and
PNIPY-L converge toward constant positive values. As shown
in Figure 3a by the open symbols, the phase transition is
reversible with almost no hysteresis. The transition of the graft
copolymers is significantly broadened in comparison to the
transition of the homopolymer PNIPAM, which occurs very
sharply at 32C.14 In salt-containing solution (see Figure 3b),
both thermosensitive copolymers show qualitatively the same
behavior; however, the transition is less broadened as compared

&o the salt-free polymer solution. Another interesting feature of
also the hydration radius represented in Figure 2b. This structural poly g

the graft copolymers is that above the transition temperdiure
neither in salt-free nor in salt-containing solution #eNMR
signal approaches zero as it does for the homopolyfer.
For a quantitative description of these features Hhé&IMR
intensities are fitted with a phenomenological equation

_ a
=T exp(k(T,— ) +b

(6)

where T, a, b, andk are free parameters. The resulting fit
parameters are given in Table 1.

is reached. Here, the phase transition is expected to lead to a As the results show, the introduction of charged side chains
collapse and possibly aggregation of the chains. However, inleads to a shift of the transition toward highgy; this shift

this region the results are difficult to interpret in terms of a
structural model since the signal detected in a diffusion
experiment arises from the “liquid” spins only, and as Figure 3
shows, the “liquid” signal is decreasing. Therefore, the diffusion
coefficients might be dominated by a fraction of chains, which

increases with the grafting density. This result is consistent with
DSC measurements of a series of similar PNIP&a2VP graft
copolymers, where the transition temperature increases with the
number of graft arm&®

The addition of NaCl leads to a partial screening of the

does not represent an average size of the structures. Thereforesharges on the side chain, facilitating the collapse of the

the data in this region are not converted irRy values.
Nevertheless, from the diffusion coefficients the size of the

polymer. Shifts of the LCST toward lower temperatures due to
salt addition were observed for statistical pH- and temperature-

globules is estimated to about 3 nm, which might correspond sensitive copolymer®. For the graft copolymer investigated

to particles formed by single chains or by aggregates.
2. Phase Transition Determined by*H Liquid NMR. With

here, it can be speculated whether the electrostatic repulsion
leads to an arrangement of the graft chains in an outer corona

increasing temperature, the thermosensitive solutions becomearound the globule. This is investigated in the next section.

more turbid, as insoluble globules are formed. NMR spectra of

In addition to T, the width of the transition is increasing

the thermosensitive copolymers in aqueous acidic solution (pH with grafting density (see Table 1). The statistics of attachment
= 2) are measured in dependence of temperature to monitorpositions of the side chains on the main chain might be

the phase transition. The signal at the resonance frequency ofresponsible for this, as it introduces a microscopic heterogeneity,
the —CHs; groups dominates the spectrum, and its intensity at i.e., heterogeneity of the main chain length between two charged
maximum is evaluated on both heating and cooling. A reduction side chains.
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Figure 5. Sketch of possible structures of collapsed graft copoly- The lines are guides to the eye.
mers: (a) high grafting density; (b) low grafting density. Thick lines:
main chain; thin lines: charged graft chains. fraction b is smaller. As the main chains almost completely
._collapse, the side chains attached to them are immobilized with
S ! . : them. Thus, the lower charge density facilitates the formation
are more relevant with increasing grafting density. of a solidlike core in which a fraction of grafted arms might be

3. Dynamics of Graft Chains. The *H NMR signal of the  jmmopilized in the PNIPAM core or is immobilized due to its
graft chains at the resonance frequency of vinylpyridine rings cqvalent attachment to the solid core.
(60 ~ 7 ppm) is well distinguishable from the main-chain signal.
It is employed here to detect motional restrictions in the side
chains arising due to the phase transition of the main chain.

Normalized side-chain and main-chain signals are compared mspin relaxation. Relaxation rat&sfor spin-lattice ( = 1) and

Figure 4 ) ) He i . . spin—spin { = 2) relaxation are normalized on the relaxation
The signal-to-noise ratio of thé signal of the side chains a6 of pure water according to eq 3 and are given in Figure 6.

SSlnceR0 of free water is temperature-dependent, the values of

4. Hydration Water Dynamics. Complementary to the above
studies of the polymer dynamics, the water dynamics in
thermosensitive copolymer solutions is investigated by solvent

of PNIPY-H are not strongly immobilized in the transition: The
1H signal of the poly(vinylpyridine) chain of PNIPY-L decreases R at each temperature are normallzedR?rat the respective
; . : -~ temperature.

by about 30%; thus, here the side chains are partially im- ) . .
mobilized, while no decrease of tHéi signal and thus no For both copolymer&;spincreases linearly with temperature,
immobilization is observed for the side chains of PNIPY-H. ~ WhereasRs, shows a steeper increase in the transition region

The poly(vinylpyridine) chains remain rather mobile even Untl it approachesus, again. Three regions, which describe
when the PNIPAM main chain is forming the globular particle. the molecular dynamics of water, can be identified:
Repulsive electrostatic forces between the charged side chains In region | below the coil-to-globule transition it Rpsp =
can explain these results. At high grafting density the repulsion Risp The water dynamics is in the extreme narrowing regime.
is strong enough, so that the side chains are well separated and he second region (Il) between about 30 and°@5shows a
do not entangle with uncharged segments in the globule. This deviation, where it iS5 > Risp Here, theRyspvalues contain
is consistent with the finding of a high fraction of mobile main  a contribution arising from the hydration water of the polymers.
chain segments at high (seeb value in Table 1): The side  This is evidence of a substantial increase of the motional
chain repulsion apparently prevents a fraction of the NIPAM correlation timer. of the bound water, such that > 1/wo and
segments from collapsing. This case is represented in the sketchRzn > Rup.
in Figure 5a. In this region the copolymers undergo the transition to the

In contrast to this, at a lower grafting density the electrostatic globular state. The increase of the deviatftiRs, = Rosp— Risp
repulsion of the side chains is not strong enough to prevent amonitors a continuous increase of the average rotational
significant fraction of PNIPAM segments from collapsing, the correlation time of water molecules.
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In region I, RospandRysp coincide again andRs, becomes attraction dominates, such that the main chain almost completely
zero, indicating motional narrowing. This implies that in this collapses, and the side chains become partially immobilized.
region again the water molecules undergo fast isotropic rota- In contrast, at high grafting density the electrostatic forces
tional diffusion. prevent a complete collapse of the main chain, and the side

One can now discuss the mechanisms which underlie the chains remain fully mobile. Studies of specifiel relaxation
observed water dynamics in the transition: In region |, water rates Risp Rosp Of water molecules at different temperatures
is present as free water and as hydration water of the chains. Inreveal three regimes of the hydration water dynamics. Well
dilute solutions, the hydration water is only loosely bound to below and well above the transition region the hydration water
the chains. It was shown that for several polyelectrolytes the remains fairly mobile withr, < 1/we. Only in the transition
motional restrictions due to binding to the chain only lead to region a regime of strongly immobilized liquid water is found.
minor increases of the relaxation rafé3.herefore, in region |
specific relaxation rates only slightly above zero (the value of ~ Acknowledgment. The authors thank A. Praast for technical
pure water) are found. assistance in preparation of polymer solutions and Olaf Nie-

In the transition region, Il, the fact th&Rs, > 0 proves the meyer for support with NMR measurements. This work was
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