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Abstract: A comparative study of thermal response of poly(vinyl methyl ether) in the presence
of different hydrophilic and hydrophobic additives was performed by Nuclear magnetic
resonance (NMR) spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, differential scanning
calorimetry (DSC), and optical microscopy. The effect of polymer concentration and additive
content on the appearance and extent of the phase transition was determined. A detailed study of
interaction mechanism in solutions with two hydrophobic additives showed differences in the way
in which polymer globules are formed. For solutions containing t-butyl methyl ketone and t-butanol,
measurements of 1H spin-spin relaxations showed the presence of water and additive molecules
bound in PVME globular structures. These originally-bound molecules are then slowly released from
the globular-like structures. Incorporation of molecules into the globules disrupts the cooperativity
of the transition and affects the size of globular structures.
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1. Introduction

The applications of stimuli-responsive polymers are becoming more and more diversified. The
ability of the polymers to change their behavior according to external conditions, and the possibility
to moderate this effect, make such systems interesting for drug delivery applications, as sensors,
and in cosmetics [1–4]. Investigations of the transition phenomena in model systems can offer
knowledge that is of practical use. Poly(vinyl methyl ether) (PVME) is a non-ionic water-soluble
polymer with useful properties, such as biocompatibility, non-toxicity, low glass transition temperature
and thermoresponsive behavior with lower critical solution temperature (LCST) around 308 K [5–7].
The phase transition effects for this polymer have been widely investigated by different experimental
techniques, such as differential scanning calorimetry (DSC) [8–10], Nuclear magnetic resonance (NMR)
spectroscopy [11,12], and Fourier-transform infrared (FTIR) spectroscopy [6,13,14].

Modification of the transition conditions (such as the transition temperature) of thermoresponsive
polymers can be achieved in different ways, such as variation of the hydrophobicity of the polymer
chain by copolymerization with hydrophobic or hydrophilic co-monomers or changes in the
composition of the solvent by mixing the aqueous polymer solution with small molecules (additives)
that alter the polymer-water interaction [15–18].
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Additive molecules can sometimes be used as a crude model of a medical drug for examining
drug delivery systems [19,20]. The ability of an additive compound to interact with the polymer chain
on the one hand and to bind water molecules on the other hand plays an important role in its influence
on the transition mechanism [11]. In particular, the ability of the additive to be embedded into the
polymer globules affects the mechanism of their formation and the kinetics of water release and,
possibly, also the additive release from the globular structures. Based on their influence on polymer
structure, it is possible to distinguish two types of additives, namely those that either stabilize or
destabilize the hydration structure surrounding the polymer chain [21].

In previous studies of similar systems, it was found that even a small amount of an additive can
change the transition temperature and the mechanism of the phase separation in PVME solutions. For
example, although propanol has almost no effect on this polymer behavior, lower molecular weight
alcohols are able to relatively stabilize the polymer structure, whereas higher alcohols and simple
inorganic salts tend to destabilize the structure, i.e., lead to lower transition temperatures [18,22].

In this work we perform a comparative analysis of the phase separation of PVME in the
presence of structurally similar additives, t-butyl methyl ketone (TBMK), t-butyl methyl ether (TBME),
t-butylamine (TBAm), and t-butanol (TBOH) differing in individual chemical groups (carbonyl,
ether, amine, and hydroxyl group, respectively). Several experimental techniques were used in
this investigation. NMR and FTIR were used to individually analyze the additive, water, and polymer
segments and analyze their mobility and interactions during the transition. DSC and optical microscopy
were used to characterize the macroscopic behavior of the sample as a whole. Differences in the
mechanism of transition because of the presence of these additives are discussed.

2. Experimental Section

2.1. Materials

PVME was purchased from Sigma-Aldrich (St. Louis, MO, USA) and was supplied as 50 wt %
aqueous solution (molecular weight determined by SEC in THF was Mw = 60,500, Mw/Mn « 3).
t-Butyl methyl ketone, t-butyl methyl ether, t-butylamine, and t-butanol (see Figure 1 for the
structures) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were used as obtained.
After drying, the polymer was used to prepare PVME in D2O (99.96% of deuterium) solutions with
polymer concentrations cP = 0.5´10 wt % and concentrations of additives cad = 0´10 wt %. All the
PVME/D2O samples in 5 mm NMR tubes were degassed and were sealed under argon; sodium
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was used as an internal NMR standard.
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Figure 1. Structural formulae of t-butyl methyl ketone (TBMK); t-butyl methyl ether (TBME); t-butylamine 
(TBAm); and t-butanol (TBOH). 

2.2. NMR Mesurements 

1H NMR spectra were measured with a Bruker 600 MHz Avance III spectrometer (Billerica, MA, 
USA, 5 mm NMR tubes were used). The integrated signal intensities were determined with the 
spectrometer integration software with an accuracy of ±1%. The temperature was kept constant 
within ±0.2 K with a BVT 3000 temperature unit. The typical measurement conditions for 1H were as 
follows: a spectral width of 6 kHz, a pulse width of 10 μs (90° pulse) and a relaxation delay of 20 s. 

Figure 1. Structural formulae of t-butyl methyl ketone (TBMK); t-butyl methyl ether (TBME);
t-butylamine (TBAm); and t-butanol (TBOH).

2.2. NMR Mesurements

1H NMR spectra were measured with a Bruker 600 MHz Avance III spectrometer (Billerica, MA,
USA, 5 mm NMR tubes were used). The integrated signal intensities were determined with the
spectrometer integration software with an accuracy of ˘1%. The temperature was kept constant
within ˘0.2 K with a BVT 3000 temperature unit. The typical measurement conditions for 1H
were as follows: a spectral width of 6 kHz, a pulse width of 10 µs (90˝ pulse) and a relaxation
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delay of 20 s. The 1H spin-spin relaxation times T2 were measured with the CPMG pulse sequence
90˝

x-(td-180˝
x-td)n-acquisition, for td = 0.5 ms.

2.3. Infrared Spectroscopy

Attenuated total reflectance (ATR) FTIR spectra of the PVME solution, neat PVME (containing a
small amount of absorbed water), TBME, and TBMK solutions were collected with a Nicolet Nexus
870 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) purged with dry air and
equipped with a cooled mercury-cadmium-telluride (MCT) detector. The samples were measured
on a horizontal ATR Golden Gate unit (SPECAC Ltd., Orpington, UK) with a diamond prism and
a controlled heated top plate; the spectral resolution was 4 cm´1. All the spectra were processed
with the advanced ATR correction with OMNICTM software (Thermo Fisher Scientific, Waltham, MA,
USA). The spectrum of neat D2O at the corresponding temperature was subtracted to better visualize
the dissolved compounds. In addition, the spectrum of PVME at the corresponding temperature
was subtracted from spectra in Figure 8d,e to visualize the TBME additive only; this subtraction is
responsible for the baseline distortion. The spectra were scaled.

2.4. DSC

DSC measurements were performed with a differential scanning calorimeter, Pyris 1 (Perkin-Elmer,
Waltham, MA, USA); two complete cycles with heating and cooling rates of 5 K¨min´1 over a range
of 275–325 K were performed. Samples of approximately 10 mg were encapsulated in aluminum
pans. The transition was characterized by calculation of the enthalpy changes per unit mass of PVME
through integration of the experimental DSC thermograms.

2.5. Optical Microscopy

Optical microscope measurements were carried out under nitrogen atmosphere with a Nikon
Eclipse 80i (Nikon Instruments, Amsterdam, Netherlands); a camera, PixeLINK PL-A662 (PixeLINK,
Ottawa, ON, Canada); and a temperature cell, Linkam LTS350 (Linkam Scientific Instruments, Surrey,
UK). Development of the morphology was observed for a thin sample layer placed between a support
glass slide and a cover slip, with 50-fold magnification. The heating rate was 1 K¨min´1, and before
each experiment, the samples were always maintained at the experimental temperature for 1 min.

3. Results and Discussion

3.1. Influence of Additives on the Phase Transition

The intensity and shape of the polymer, additive, and water HDO signals in NMR spectra vary
with temperature. The polymer signal vanishes from the high-resolution NMR spectra because of
broadening (often extreme) of the polymer peak due to the restriction in the mobility of polymer chains
upon formation of the solid-like globules [5,11]. Figure 2 shows 1H NMR spectra as detected for the
neat PVME solution and solutions of PVME with additives at temperatures above the transition of
each particular system. The shapes of the peaks in the spectra are different for individual additives
and for the pure PVME solution.

We can distinguish two types of polymer peaks [5]. The first type corresponds to flexible polymer
segments which are not involved in compact globular structures (the narrow part of the CH3O peak at
3.5 ppm in spectrum a, Figure 2). The second type is assigned to the major part of polymer units which
form solid-like globular structures (the broad part of the same peak from 4 to 5 ppm). The presence
of additives strongly affects the shape of both polymer band components. As shown in Figure 2,
the signal of the units in globular structures is extremely broadened, so it is no longer visible in
the spectra (spectra in Figure 2b–e); this disappearance suggests that the polymer units involved in
globules formed in solutions with additives show higher immobilization in comparison with collapsed
units in the solution of neat PVME. Further, it follows from Figure 2 that the shape of NMR signal
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corresponding to PVME group CHOCH3 depends on the additive. The solution with TBME shows
quite narrow CHOCH3 peak whereas, for solutions with others additives, this peak broadens.
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Figure 2. High-resolution 1H NMR spectra of D2O solutions of neat PVME (cP = 5 wt %) (a); and 
solutions with additives TBOH (b); TBAm (c); TBME (d); and TBMK (e) (cP = 5 wt %, cad = 5 wt %) measured 
at temperatures above the transition of each particular system. 
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I0 is the integrated intensity of this line if no phase separation occurs [11,23]. 

Temperature dependences of the fraction p as obtained from integrated intensities of CHOCH3 
protons of PVME are shown for neat PVME solution (cP = 5 wt %) and PVME solutions with cad =  
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Transition temperature was detected as the temperature in the middle of the transition, i.e., where 
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Figure 2. High-resolution 1H NMR spectra of D2O solutions of neat PVME (cP = 5 wt %) (a); and
solutions with additives TBOH (b); TBAm (c); TBME (d); and TBMK (e) (cP = 5 wt %, cad = 5 wt %)
measured at temperatures above the transition of each particular system.

For further analysis, we shall define the phase separated fraction as the fraction of PVME units in
concentrated, polymer-rich phase. We have determined the values of the fraction of phase-separated
PVME units from the following relation

p pTq “ 1´
I
I0

(1)

where I is the integrated intensity of the given polymer line in a partly phase-separated system and
I0 is the integrated intensity of this line if no phase separation occurs [11,23].

Temperature dependences of the fraction p as obtained from integrated intensities of CHOCH3

protons of PVME are shown for neat PVME solution (cP = 5 wt %) and PVME solutions with
cad = 5 wt % in Figure 3. For all polymer and additive concentrations investigated, the solutions
show a qualitatively similar behavior of the polymer CHOCH3 proton intensities. From Figure 3 it
follows that all solutions with additives exhibit broader transition region than the solution with neat
PVME; this effect is the most significant in PVME/TBMK solution where the transition is ~12 K broad.
Transition temperature was detected as the temperature in the middle of the transition, i.e., where the
signal has decreased by 50%. Figure 4 shows the dependence of transition temperature on additive
concentration for solutions with cP = 5 wt %. For TBAm and TBOH, increasing concentration was
observed to lead to a slight shift of transition temperature to higher values; at the same time the
transition extent (fraction p above the transition in Figure 3) decreases as compared with the neat
PVME. TBAm and TBOH molecules obviously stabilize polymer-solvent interactions and prevent
hydrophobic polymer-polymer interactions. Such stabilizing effect was detected in aqueous solutions
of PVME and lower molecular weight alcohols [15,18,22].
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Figure 3. Temperature dependences of the fraction p as obtained from integrated intensities of 
CHOCH3 protons of PVME in neat PVME solution (cP = 5 wt % in D2O) and PVME/additives solutions 
(cP = 5 wt %, cad = 5 wt % in D2O). 
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Figure 4. Concentration dependence of the transition temperature for PVME/additives solutions  
(cP = 5 wt % PVME in D2O). 

On the other hand, increasing the concentration of the additives TBMK and TBME in the system 
promotes destabilization of the hydration structure surrounding the polymer chain; increasing this 
concentration significantly decreases the transition temperature. As shown in Figure 4, this effect is 
more pronounced for TBMK. The presence of the ether additive only results in changes of the 
transition temperature, and no broadening of the transition region was observed. Similarly as TBMK 
and TBME, higher alcohols, and simple inorganic salts tend to destabilize the structure, i.e., lead to 
lower transition temperatures in aqueous solutions of PVME [18]. The values of fraction p above  
the transition in PVME/TBMK and PVME/TBME solutions reach ~0.9 similarly as the values in neat 
PVME solution. We assume that the remaining minority mobile component (~10%), which does not 
take part in the phase transition, comes from low-molecular weight oligomers as it was shown for 
PVME/D2O solutions [24]. 

Figure 3. Temperature dependences of the fraction p as obtained from integrated intensities of
CHOCH3 protons of PVME in neat PVME solution (cP = 5 wt % in D2O) and PVME/additives
solutions (cP = 5 wt %, cad = 5 wt % in D2O).
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On the other hand, increasing the concentration of the additives TBMK and TBME in the system
promotes destabilization of the hydration structure surrounding the polymer chain; increasing this
concentration significantly decreases the transition temperature. As shown in Figure 4, this effect
is more pronounced for TBMK. The presence of the ether additive only results in changes of the
transition temperature, and no broadening of the transition region was observed. Similarly as TBMK
and TBME, higher alcohols, and simple inorganic salts tend to destabilize the structure, i.e., lead to
lower transition temperatures in aqueous solutions of PVME [18]. The values of fraction p above the
transition in PVME/TBMK and PVME/TBME solutions reach ~0.9 similarly as the values in neat
PVME solution. We assume that the remaining minority mobile component (~10%), which does not
take part in the phase transition, comes from low-molecular weight oligomers as it was shown for
PVME/D2O solutions [24].
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The effect of polymer concentration on the phase transition of solutions with hydrophilic and
hydrophobic additives (TBAm and TBME, respectively) is seen in Figure 5. For higher PVME
concentrations (cp = 10 wt %) in PVME/TBAm solution, the dependence is shifted by ~4 K to lower
values. This shift of the transition is probably a consequence of the preferred polymer-polymer contacts
at higher concentration, allowing hydrophobic interactions to predominate at lower temperatures.
More complicated behavior was detected for solutions with hydrophobic TBME. An increase of
the transition temperature is observed for additive concentration cad = 3 wt % and higher polymer
concentration, apparently since the number of hydrophobic additive molecules per polymer segment
decreases and, thus, hydrophobic interactions of the additive with the chain are reduced. Subsequently,
for more concentrated polymer solutions and cad > 5 wt %, the transition temperature decreases by ~4 K.
The solvent quality for such high TBME concentrations is probably reduced and the phase transition
occurs already at lower temperatures. These two different mechanisms controlling LCST shift were
described for aqueous solutions of poly(N-isopropylacrylamide) and hydrophobic benzaldehydes [19].
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Figure 5. Concentration dependence of the transition temperature for PVME/TBME and PVME/TBAm 
solutions for two various polymer concentrations cP = 5 and 10 wt % PVME in D2O. 
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solutions for two various polymer concentrations cP = 5 and 10 wt % PVME in D2O.

3.2. Mobility of Water and Additive Molecules during Phase Transition

The mobilities of the additive and water molecules were studied using NMR spin-spin relaxation
time T2 [5,11]. To follow the changes in the behavior of the water and additive in the presence
of the polymer, a comparative analysis of T2 was performed at temperatures below and above
the transition. In this respect it is useful to define T2im as the ratio of the measured T2 values
in the polymer-additive system T2(pvme+additive) and in the corresponding additive/D2O solution
T2(additive) at the same temperature (T2im = T2(pvme+additive)/T2(additive)) [20]. The value of T2im gives
temperature-independent information about the extent of the immobilization of the water and additive
molecules caused by the presence of the polymer. The comparison of these quantities for HDO
molecules and for the t-butyl group of the additives is given in Table 1. If no interaction with the
polymer occurs, the value of T2im should be equal to 1 (if the effects of viscosity can be neglected).
The lower the resulting value, the higher the immobilization effect caused by the polymer–water or
polymer–additive interaction.

Table 1. T2im parameters for the PVME/additive solutions (cP = 5 wt %, cad = 5 wt %).

Temperature TBMK TBME TBOH TBAm
HDO (CH3)3 HDO (CH3)3 HDO (CH3)3 HDO (CH3)3

below LCST 0.16 0.42 0.78 0.78 0.65 0.92 0.60 0.88
above LCST 0.14 0.32 0.60 0.54 0.34 0.30 0.83 0.79
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Relaxation parameters T2im detected in PVME/TBOH and PVME/TBAm solutions below LCST
reach similar values, see Table 1. T2im values of the additive t-butyl group are almost equal to 1, values
as obtained for water molecules are somewhat lower which could indicate a slight interaction with
the polymer as well as the influence of chemical exchange. Different relaxation behavior of molecules
in solutions with hydrophilic additives was found at elevated temperatures above LCST. T2im values
of molecules in PVME/TBAm solution remain high even above the transition while a reduction of
T2im values was observed for water and additive molecules in PVME/TBOH solution. The greater
immobilization above the transition temperature for TBOH and water can be attributed to the effect of
incorporation of a certain portion of these molecules into the globular structures.

Changes in the mobility of solvent molecules as a function of time were found to arise from the
effects of solvent molecules being released from the polymer globular structure. The investigated
samples were kept for the whole time in the magnet of NMR spectrometer at elevated temperature and
the time dependence of T2 values was measured. Figure 6a shows that T2 values of HDO and t-butyl
group in the PVME/TBOH solution very slowly increased with time, reaching after tens of hours a
value similar to that observed at temperatures below the transition. These results provide evidence
that water and additive originally bound in globules are, over time, very slowly released (squeezed
out) from the globular structures. Such behavior was previously detected in aqueous solutions of
neat PVME solutions [5,11]. In contrast, for TBAm solutions no such changes in T2 as a function of
time were observed, confirming the idea that globules formed in these solutions do not contain bound
water or/and additive.
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Figure 6. Time dependences of the spin-spin relaxation time T2 of HDO and (CH3)3 protons of additive
in PVME/TBOH (a) and PVME/TBMK (b) solutions (cP = 5 wt %, cad = 5 wt % in D2O) measured
above the phase transition.

It follows from Table 1 that, for the solution with TBMK, T2im of water and t-butyl group reach
substantially lower values indicating that water and additive molecules are strongly involved in
interactions with the polymer at temperatures both below and above LCST. For TBME, the solvent and
additive molecules are only slightly affected by the presence of the polymer. Similarly as in the case of
PVME/TBOH solutions, a time-dependent experiment (Figure 6b) confirmed that molecules originally
bound in collapsed polymer structures of PVME/TBMK solution are slowly released.

3.3. FTIR Spectroscopy

As indicated by the concentration dependences of the transition temperature in Figure 4 and NMR
relaxations, solutions with TBMK and TBME showed substantial differences during phase transition.
A detailed FTIR study confirmed different interaction mechanisms taking place in these solutions.
On the other hand, no or negligible differences were recorded in FTIR spectra of PVME/TBOH and
PVME/TBAm solutions and they were, thus, no longer analyzed.
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Corrected ATR FTIR spectra of TMBK systems are presented in Figure 7. In the presence of two
PVME bands that are assigned to the stretching vibration of the carbonyl group of TBMK are present
at 278 K (spectrum d in Figure 7); one band is at 1705 cm´1, which is close to the position of the
band for the neat form of the compound (spectrum a) [25], and a second band is at 1688 cm´1, which
corresponds to the hydrated form of TBMK (spectra b and c). As the temperature increases to 301 K
(well above LCST), only the band that represents the neat form is present at 1707 cm´1. In the presence
of PVME, the positions the symmetric CH3 deformation bands are almost identical to the locations
of the bands in the neat TBMK (1365 cm´1 and 1355 cm´1). The above observations could signify
that below the transition temperature, domains rich in TBMK and attached to the polymer exist. The
surfaces of these domains interact with water molecules through hydrogen bonds with the carbonyl
groups of TBMK; thus, two carbonyl bands are present in the spectra below the transition—a hydrated
band and a band similar to the neat TBMK. Above the transition temperature, the methyl groups
remain in the same environment, whereas the carbonyl groups experience an environment similar
to that of the neat TBMK and are no longer in contact with water molecules—this result could be
consistent with the entrance of TBMK into the interior of the collapsed PVME globules.
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Figure 7. Corrected ATR FTIR spectra of TMBK at a temperature of 301 K (a); TBMK in D2O at a
concentration of 5 wt % and a temperature 278 K (b); TBMK in D2O at a concentration of 5 wt % and
a temperature 301 K (c); PVME/TBMK/D2O at cP = 0.5 wt % and cad = 5 wt % and a temperature of
278 K (d); and PVME/TBMK/D2O at cP = 0.5 wt % and cad = 5 wt % and a temperature of 301 K (e).

In the spectrum of neat TBME, the CH3 symmetric deformation bands are located at 1386 and
1364 cm´1 (spectrum Figure 8a). In the presence of PVME the positions of these two bands are identical
to the locations of the bands in the spectra of TBME hydrated with D2O at 278 K. Upon an increase in
temperature to 301 K (above LCST), these two bands shift to positions identical to those in neat TBME.
In the spectrum of neat TBME, the band assigned to the C–O stretching vibration of the methoxy group
is located at 1086 cm´1 [26]. An appearance of the second band at 1046 cm´1, in the presence of PVME,
most likely corresponds to the hydrated form of TBME. The above observations confirm that below the
transition temperature the methyl groups of TBME are hydrated. Above the transition temperature, the
methyl groups are located in an environment similar to neat TBME. The two C–O stretching vibration
bands in the methoxy group that are present in the spectra below and above the transition temperature
(spectra Figure 8d,e) indicate the presence of two types of additive molecules; the α band most likely
corresponds to TBME molecules that are isolated from each other and in which the dipole-dipole
intermolecular interaction has been eliminated. The β band at the lower wavenumbers probably
corresponds to hydrated TBME molecules in which the methoxy oxygen is involved in hydrogen
bonds with the solvating D2O molecules.
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Figure 8. Corrected ATR FTIR spectra of (a) TBME at a temperature of 301 K; (b) TBME in D2O at a
concentration of 5 wt % and a temperature of 278 K; (c) TBME in D2O at a concentration of 5 wt % and
a temperature of 301 K; (d) PVME/TBME/D2O at cP = 10 wt % and cad = 5 wt % and a temperature of
278 K; and (e) PVME/TBME/D2O at cP = 10 wt % and cad = 5 wt % and a temperature of 301 K.

From the results obtained from NMR relaxation and FTIR experiments, we can suggest that
globular structures formed in TBME solutions above LCST do not contain a substantial amount of
bound water or additive molecules; the slight mobility restriction of water and TBME could be caused
by interactions of these molecules with the surface of the polymer globules. On the other hand, for
TBMK solutions we observe a strong mobility reduction of the additive and water molecules. This fact
can be explained by the interactions between the polymer chain and the TBMK carbonyl group that
are mediated by one or more water molecules.

3.4. Cooperativity of the Phase Transition

The temperature dependences of p-fraction shown in Figure 3 can be used for determining the
enthalpy and entropy changes during phase transition, considering this process as the competition
between non-phase separated (coil) and phase separated (globule) states governed by the Gibbs free
energy. The van´t Hoff equation describes temperature changes of the equilibrium constant K of the
coil-globule transition as follows:

lnK “ ´
∆HNMR

RT
`

∆SNMR

T
(2)

where ∆HNMR and ∆SNMR are the changes in enthalpy and entropy, respectively, and R is the gas
constant. In relation to the p-fraction the equilibrium constant K can be written as the ratio:

K “
p

pmax ´ p
(3)

where pmax are values of fraction p above the transition. The dependences of R ln(p/(pmax ´ p)) on
´1/T were fitted with linear regression according to Equations (2) and (3) and the parameters ∆HNMR

are summarized in Table 2. Table 2 contains also enthalpy changes ∆HDSC as obtained from DSC
measurements and recalculated to mol of monomer units where the enthalpy data for neat PVME quite
well agree with the literature [27,28]. Enthalpy values ∆HDSC can be compared with those determined
from NMR. Assuming that the phase transition is a cooperative process and the polymer chain consists
of cooperative units (domains) which undergo transition as a whole [29–31], the values ∆HNMR are
thus related to mol of cooperative units. The ratio ∆HNMR/∆HDSC represents the average number
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of monomer units in one cooperative domain and can provide a quantitative analysis of the degree
of cooperativity (cf. Table 2). For the 5 wt % solution of neat PVME and solutions of PVME with
TBME and TBAm (cad = 5 wt %), the size of the domains agrees quite well with the average degree of
polymerization (DP of PVME ~348), thus showing that, in this case, the cooperative unit is the whole
polymer chain. For solutions with TBMK and TBOH (cad = 5 wt %), these domains are smaller and
consist of only 140 and 170 monomer units, respectively. As follows from relaxation experiments, a
certain amount of water and additive molecules is incorporated into the globules formed in these two
solutions. This process is obviously time-consuming and disrupts the cooperativity of the transition;
cooperative units are smaller and the phase transition is broader.

Table 2. Thermodynamic parameters determined by NMR and DSC and the number of monomer units
in the domain for mixtures of 5 wt % PVME.

Sample ∆HNMR ∆HDSC Number of Mon. Units in DomainMJ/mol kJ/mol

PVME 1.32 4.05 326
TBMK 0.32 2.23 143
TBME 0.78 2.32 336
TBOH 0.40 2.30 174
TBAm 0.58 1.98 293

The difference in the structure and size of the polymer globules in the presence of the additives
can be demonstrated by the optical microscopy images shown in Figure 9. This figure demonstrates
that globular structures formed above LCST transition in aqueous PVME/TBMK and PVME/TBOH
solutions are somewhat smaller than those observed for solutions with other additives and neat PVME.
This finding corresponds to the data in Table 2 where size of cooperative domains as calculated for
PVME/TBOH and PVME/TBMK solutions is about twice smaller in comparison with domains formed
in other solutions and this is obviously macroscopically manifested in smaller polymer aggregations.
Interestingly enough, polymer agglomerates formed in PVME/TBME solutions show strong separation
and well-defined surfaces. This could be the consequence of the fact that 90% of polymer chains are
involved in the collapsed structures, as follows from the fraction p above the transition, and at the
same time these structures do not contain any bound water or additive.
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4. Conclusions

Temperature-induced phase separation of PVME in the presence of small additives was
investigated with various techniques. It has been shown that the interactions and dynamics during
the phase transition are significantly influenced by the chemical structure of an additive molecule
and hydrophobic additives more strongly affect polymer transition than additives with hydrophilic
character. A slight stabilizing effect of hydrogen bonding was manifested in the presence of hydrophilic
additives TBOH and TBAm in PVME solution by the shift of the transition region towards higher
temperatures and by a decrease of the fraction of PVME units involved in globular structures. A clear
pronounced decreasing effect on the LCST was found for hydrophobic TBME and TBMK additives,
which obviously facilitate the phase separation process. Detailed FTIR analysis showed that TBMK
is in a strong interaction with the carbonyl group of the additive and the ether group of the polymer
even before phase transition, in contrast to TBME, with which no polymer interaction occurs before
the transition. Two different mechanisms controlling LCST shift were suggested from polymer
concentration dependences.

From comparison of thermodynamical parameters, as obtained from NMR and DSC, the size of
the cooperative units undergoing the transition as a whole was determined. Cooperative domains in
PVME/TBOH and PVME/TBMK solutions are about twice smaller in comparison with those formed
in other solutions, and this is macroscopically manifested in smaller polymer aggregations. NMR
relaxation experiments confirmed that a certain portion of water and additive molecules remained
bound in PVME globules in the solutions with TBOH and TBMK. The incorporation of water and
additive molecules into the globules, thus, leads to reduced cooperativity of the transition and
influences the size of polymer aggregations formed above LCST. The originally-bound molecules are,
over time, very slowly released from phase-separated globules.
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Dybal performed FTIR experiments and analyzed FTIR data; Marek Radecki performed experiments on optical
microscopy and DSC; Lenka Hanyková and Larisa Starovoytova wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, R.; Fraylich, M.; Saunders, B.R. Thermoresponsive copolymers: From fundamental studies to
applications. Colloid Polym. Sci. 2009, 287, 627–643. [CrossRef]

2. Aseyev, V.O.; Tenhu, H.; Winnik, F.M. Temperature dependence of the colloidal stability of neutral
amphiphilic polymers in water. Adv. Polym. Sci. 2006, 196, 1–85.

3. Schild, H.G. Poly(N-isopropylacrylamide)—Experiment, theory and application. Prog. Polym. Sci. 1992, 17,
163–249. [CrossRef]

4. Aseyev, V.O.; Tenhu, H.; Winnik, F.M. Non-ionic thermoresponsive polymers in water. Adv. Polym. Sci. 2011,
242, 29–89.
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Abstract NMR and isothermal titration calorimetry (ITC)
techniques were chosen to examine interactions in a poly(vi-
nyl methyl ether) (PVME)/tert-butyl alcohol (t-BuOH)/water
ternary system. The effects of PVME and t-BuOH concentra-
tions on phase separation temperature were examined.
Molecules of t-BuOH additive hydrophobically associate with
PVME and decrease the phase separation temperature.
Thermodynamic parameters connected with phase separation
were calculated from NMR results using an approach based
on the van’t Hoff equation. Presence of t-BuOH increases the
number of PVME monomeric units in one cooperative do-
main (where the units undergo phase separation as whole—
‘all-or-none’). NMR time-resolved relaxation measurements
show very different dynamics of the solvent releasing process
for low and high PVME concentrations above phase separa-
tion temperature. ITC data show that the presence of t-BuOH
restricts water solvation of PVME globules. Presented results
on the PVME/t-BuOH/D2O system show that the PVME so-
lution properties are not constant in time. The analysis of
measurements (and resulting properties) should always be
done while considering strong time-dependent behaviour of
PVME solutions.

Keywords Phase separation . Coil–globule transition .

Poly(vinyl methyl ether) . tert-Butyl alcohol . Nuclear
magnetic resonance . Isothermal titration calorimetry

Introduction

Stimuli-responsive polymers are a class of materials capable
of changing their solution behaviours under the influence of
temperature, light or other external stimuli [1–7]. The change
in solution behaviour is usually referred to as the coil-to-
globule transition, when initially completely soluble polymer
chain (coil) phase separate to dense globules. In the cases
when a transition takes place with a temperature increase,
the polymer is called temperature-sensitive with a characteris-
tic value of lower critical solution temperature (LCST). This
phenomenon is often observed in polymers with amphiphilic
character, such as acrylamide-based polymers [8–10].
Another typical example is poly(vinyl methyl ether)
(PVME) with LCST around 308 K (35 °C). The proximity
of an LCST to normal human body temperatures makes this
polymer interesting for various medical applications [11].
Interestingly, PVME has a type III LCST phase diagram with
two critical points (minima). This is rationalized within the
framework of Flory-Huggins theory by a concentration de-
pendence of the interaction parameter χ [12, 13]. The phase
separation mechanism of PVME has been extensively inves-
tigated by a number of different methods such as nuclear mag-
netic resonance (NMR) [14–22], infrared spectroscopy [20,
21, 23–25], Rayleigh scattering [26], differential scanning cal-
orimetry [12, 13, 17, 20, 25, 27], optical microscopy [17, 20],
Raman spectroscopy [28] and ab initio calculations [24].

The interactions of stimuli-responsive polymers with low
molecular weight compounds are still of interest since an ad-
dition of small molecules, such as surfactant, salt or alcohol,
can affect the phase separation properties. Additive molecules
are sometimes used as a model system for drug delivery ap-
plications [29]. It was shown that the addition of small mole-
cules (additive) to aqueous polymer solution can shift the
phase separation temperature (Tp) and the amount of polymer
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groups participating in phase separation. The effects of surfac-
tants, ions and salts, on the phase separation phenomenon, are
well documented [9, 20, 30–33]. Micro-Raman spectroscopic
study [34] of PVMEwith several alcohols (methanol, ethanol,
2-propanol and t-butanol) shows that higher (relatively more
hydrophobic) alcohols associate with PVME more easily
which increases the overall hydrophobicity of PVME/
alcohol complexes and thus reducing Tp. Relatively less hy-
drophobic alcohols (such as ethanol) [16] exhibit the opposite
behaviour and increase Tp. The studies are often concentrated
on the determination of Tp as a function of additive type and
concentration. This approach does not always provide a
deeper insight into specific interactions between a polymer
and an additive. In order to probe these interactions on a mo-
lecular level [19, 35, 36], we employed NMR spectroscopy
and isothermal titration calorimetry (ITC) techniques.

In this work, we characterize the effects of a relatively
(compared to methanol) hydrophobic tert-butyl alcohol (t-
BuOH) additive on the phase separation of PVME paying
particular attention to the behaviour of t-BuOH and water
molecules below and above Tp. The temperature-dependent
phase-separated fraction of PVME as a function of the addi-
tive and polymer concentrations is investigated by means of
1H NMR spectroscopy. The obtained results are then
modelled using a physicochemical model based on the van’t
Hoff equation to yield the thermodynamic parameters. The
molecular mobility of t-BuOH and D2O solvent molecules is
studied using 1H NMR spin–spin relaxation experiments
(spin–spin relaxation time T2). The dynamics of the releasing
process of t-BuOH and D2O from globular structures of
PVME above Tp is investigated by using the time evolution
of molecular mobility (T2). The ITC technique, as a comple-
mentary method, probes the thermodynamics of t-BuOH in-
teraction with PVME above and below Tp.

1HNMR spin–spin
relaxation experiments and ITC measurements complementa-
rily describe the dynamics of the t-BuOH and D2O interac-
tions with PVME.

Materials and methods

PVME (purchased from Aldrich, supplied as 50 wt% aqueous
solution; molecular weight determined by SEC in THF:
Mw = 60,500 g/mol and Mw/Mn ≈ 3 [15]; degree of polymer-
ization ≈ 348; tacticity by 1H NMR 59% of isotactic diads
[22]) was used after drying to prepare PVME/D2O solutions.
The D2O (Sigma, 99.9% of deuterium) solvent was used for
the sample preparation. tert-Butyl alcohol (t-BuOH) (anhy-
drous, ≥99.5%, Sigma-Aldrich) was used as an additive to
the polymer solutions. All samples were sealed in 5-mm
NMR tubes. The weight fraction of PVME in binary solvent
D2O/t-BuOH is denoted as cP =mP/(mP +mD2O +mt-Bu) × 100
(in wt%). The composition of the binary solvent D2O/t-

BuOH, determined by the weight fraction of t-BuOH in
D2O/t-BuOH, is denoted as ct-Bu = mt-Bu/(mD2O + mt-

Bu) × 100 (in wt%), where mx is the mass of each component.
High-resolution 1H NMR spectra were recorded using

a Bruker Avance III 600 spectrometer operating at
600.2 MHz. Measurement conditions were as follows:
90° pulse width 10 μs, relaxation delay 5 s, spectral
width 9615 Hz, acquisition time 3.40 s and eight scans.
The 1H spin–spin relaxation times T2 of t-BuOH and
residual hydrogen-deuterium oxide (HDO) were mea-
sured at 600.2 MHz using a CPMG pulse sequence
90°x − (td − 180°y − td)n − acquisition with half-echo
time td = 5 ms. Every experiment was made using four
scans with a relaxation delay between scans of 120 s.
The obtained T2 relaxation curves were mono-exponen-
tial. The fitting process made it possible to determine a
single value of relaxation time. The relative error values
of t-BuOH and HDO did not exceed ±5%. The temper-
ature for all measurements was maintained at a constant
within ±0.2 K in the range 295∼325 K using a BVT
3000 temperature unit. The samples were kept at the
experimental temperature for about 15 min prior to each
measurement.

ITC measurements were performed on a MicroCal 200
isothermal titration calorimeter. The experiment was conduct-
ed with consecutive injections of t-BuOH solution into the
calorimeter cell. The cell contained 280 μL of a polymer or
water solution. The t-BuOH solution was added with a 40-μL
injection syringe with a tip modified to act as a stirrer. The
chosen stirring speed was 1000 rpm. The injection volume
varied between 1 μL, for the first injection, and 2 μL, for
the rest of the injections. The time between injections was
5 min. The measurements were conducted at 306, 308 and
310 K. The data were analysed using the Microcal ORIGIN
software.

Results and discussion

An example of PVME phase separation (cP = 5 wt%, ct-
Bu = 2 wt%) as observed using variable temperature (VT) 1H
NMR is shown in Fig. 1. The spectra show clear beginning of
phase separation around 308 K (≈35 °C) manifested by the
appearance of broad resonance corresponding to phase-
separated units of PVME (especially A and B groups) with a
simultaneous decrease in intensity of non-separated PVME
groups. At the same time, a slight broadening of the t-BuOH
CH3 group is observed, attributed to a fast chemical exchange
between the t-BuOH complexed with PVME and free t-BuOH
molecules. This suggests that the association of t-BuOH with
PVME is rather weak.

Quantitative analyses of phase separation measure-
ments shown in Fig. 1 are usually done via introducing
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values of phase-separated fraction of PVME units p(T)
such as [19, 37] the following

p Tð Þ ¼ 1−
I
0
Tð Þ

I0
0
T0ð Þ ¼ 1−

T
T0

� I Tð Þ
I0 T 0ð Þ ð1Þ

where I′(T) and I0′(T0) are temperature-dependent inte-
grated intensities of certain polymer resonance in a part-
ly phase-separated system and before phase separation
occurs, respectively. These values are unaffected by
temperature dependence of integrated intensities.
However, according to the Boltzmann equation during

the measurement, we obtain extra decrease of integrated
intensities with increasing absolute temperature as 1/T.
In order to correct this effect, values of integrated in-
tensities as obtained from measurement I(T) and I0(T0)
can be introduced using formulas I(T) = I′(T)/T and
I0(T0) = I0 ′ (T0) /T0 , where I (T ) and I0(T0) are
Boltzmann uncorrected integrated intensities (as obtain-
ed from measurement) of partly phase-separated system
and before phase separation occurs, respectively. This
approach yields the right side of Eq. (1). As a result,
Eq. (1) reflects only phase separation effects of the
studied polymer system. T ≥ T0 is the temperature of
actual measurement, and T0 is the temperature at which
no phase separation can be observed in the NMR spec-
trum. This approach contains several crude assumptions
and is also dependent on the stability of the experimen-
tal setup during data collection. Therefore, we use a
different method consisting of a spectral decomposition
into phase-separated and non-separated parts by means
of a careful fitting of each spectrum (see Fig. 1, dashed
red lines). Up to two Lorentzian curves are used for
fitting the broad phase-separated part of CH3 and CH
resonances of PVME (non-linear least square minimiza-
tion method is adopted; linear function is taken as a
baseline). This procedure gives the values of areas (in-
tegrated intensities) Asep and Anon-sep (see Fig. 1) corre-
sponding to phase-separated and non-separated PVME
units, respectively. The value of the phase-separated
fraction p(T) is simply defined as follows:

p Tð Þ ¼ Asep

Asep þ Anon−sep
ð2Þ

This method is independent of any assumption. It
seems that the results of the p fraction, especially those
well above phase separation temperature Tp, are more
reliable. The p fraction data as obtained using this
method for two PVME concentrations and several t-
BuOH concentrations are shown in Fig. 2a, b.
Additionally, the comparison of NMR spectra processing
based on Eqs. 1 and 2 is shown in Fig. 2b, c (data in
Fig. 2c are affected by systematic error which yields
wider error bars).

A detail analysis of thermodynamic aspects of p, pri-
or to the interpretation of p-fractions in Fig. 2, is given
in the following text. We can assume that the phase
separation process is a reversible chemical reaction be-
tween two states (non-separated and separated states) of
PVME units. This reaction in equilibrium is described
by equilibrium constant K, defined as a ratio of sepa-
rated Nseparated and separable (but not separated yet)
Nseparable PVME units (see Eq. 3). This model takes into
consideration that some PVME units (e.g. low molecular

Fig. 1 VT-1H NMR (600.2 MHz) of PVME (cP = 5 wt%) in binary t-
BuOH/D2O solvent (ct-Bu = 2 wt%) measured from 295 to 318 K.
Assignment of PVME and t-BuOH signals is shown in top spectrum.
Key: Black line = spectrum, red dashed line = fit of broad separated
part of PVME CH3 and CH groups. Value of phase-separated fraction p
is given for each spectrum
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fractions) are inseparable (p does not reach 1 at high
temperature) [15] which is expressed by Ninseparable

value. The model is schematically shown in Fig. 3.

K ¼ N separated

N separable
ð3Þ

In this framework, NMR experiments give value of the p-
fraction as a ratio of separated Nseparated to all (Nseparable +
Ninseparable + Nseparated) PVME units (see Eq. 4).

p Tð Þ ¼ N separated

N separable þ N inseparable þ N separated
ð4Þ

Combination of Eqs. 3 and 4 yields a formula for p as a
function of K:

p Tð Þ ¼ pmax

1þ K−1 ð5Þ

where pmax = (Nseparable + Nseparated)/(Nseparable + Ninseparable +
Nseparated) is the maximum fraction of PVME which can be
phase separated. The connection between thermodynamic pa-
rameters and K is given by the van’t Hoff equation:

K ¼ e−
ΔH−TΔS

RT ð6Þ
where ΔH and ΔS are the standard changes of enthalpy and
entropy, respectively, connected with phase separation of
PVME. R is the gas constant and T is the absolute temperature.
Combination of Eqs. 5 and 6 gives the final form of p-fraction
as a function of temperature with three well-defined and ther-
modynamically meaningful parameters:

p Tð Þ ¼ pmax

1þ e
ΔH
RT −

ΔS
R

ð7Þ

NMR experimental data plotted in Fig. 2 are fitted using
Eq. 7. The results are shown in Fig. 4. Five parameters were
extracted from this fitting procedure: (1) phase separation tem-
perature Tp (obtained as the onset temperature of the sigmoidal
p(T) curve constructed as an intersect point between tangent at
inflexion point of p(T) and x-axis), (2) maximum fraction of
phase-separable PVME units pmax, (3) width of phase separation
ΔTwidth (the difference between offset and onset temperatures),

Fig. 2 Temperature dependences of phase-separated fraction p as
obtained from CH3 and CH resonances of PVME using fitting of
VT-1H NMR spectra (see Fig. 1). a 5 wt% and b 10 wt% of PVME
(cP) in binary mixture of D2O/t-BuOH with four different t-BuOH
concentrations (ct-Bu) processed using approach based on Eq. 2. c
Processing of the same samples as in b using approach based on Eq. 1
(higher estimated errors can be seen). Key: full symbols = experimental
points; error bars correspond to confidence interval 2σ; full lines = fits
according to Eq. 7

Fig. 3 Schematic description of phase separation model with three types
of PVME units used for construction of thermodynamic model
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(4) enthalpy change ΔH and (5) entropy change ΔS associated
with phase separation. Figure 4a shows a slight decrease of Tp
with an increasing PVMEweight fraction. This is consistent with
previous observations [12, 13] where up to ca. 15 wt% of PVME
causes the Tp to decrease after which at 15 wt%, a minimum is
reached, the first critical point on its bimodal phase diagram. The
hydrophobic t-BuOH additive also decreases Tp due to its asso-
ciation with PVME which promotes overall hydrophobicity of
PVME/t-BuOH adducts. Figure 4b indicates that a lower con-
centration of neat PVME (cP = 5 wt%) has about 10% (pmax
∼0.9) of inseparable units. The addition of t-BuOH increases
the pmax value, indicating that originally inseparable PVME units
(perhaps low molecular fractions due to high polydispersity in-
dex about 3) form hydrophobic complexes with t-BuOH, pro-
moting their separation. The content of low molecular fractions
up to 10-mer was estimated using Schulz–Zimm distribution for
linear step-growth polymers to be about 6 wt% of the PVME
sample. Therefore, the difference in pmax values of lower and
higher PVME concentrations (Fig. 4b) can be at least partially
explained by the polydispersity of the sample.

The width of phase separation for both studied PVME con-
centrations has increasing tendency upon addition of t-BuOH
(Fig. 4c). Figure 4d, e shows decreasing enthalpy and entropy
change upon addition of t-BuOH.Decrease ofΔH upon addition
of t-BuOH is a consequence of the hydrophobic association of t-
BuOH with PVME which partially expels hydrogen-bonded

D2O molecules from the vicinity of PVME. This process results
in a lower number of hydrogen bonds between D2O solvent
molecules and the PVME monomeric units. Subsequently, less
heat is necessary for breaking the hydrogen bonds and the for-
mation of the globular state. A similar decrease of ΔS indicates
that less energy (upon addition of t-BuOH) is redistributed into
the conformational change of PVME units during phase
separation.

In fact, standard enthalpy and entropy as obtained fromNMR
are standard with respect to the molar concentration of coopera-
tive domains of PVME. PVME monomeric units contained in
this domain exhibit cooperative phase separation in an ‘all-or-
none’manner [38–40]. One approach to estimate the number of
monomeric units in the cooperative domain is to compare the
ΔH as obtained from NMR and DSC (i.e. the ratio ΔHNMR/
ΔHDSC). From [20], the ΔHDSC values for systems with neat
PVME (cP = 5 wt%) and PVME with t-BuOH (cP = 5 wt%, ct-
Bu = 5 wt%) are 4050 and 2300 J mol−1, respectively. This yields
values of monomeric units in a cooperative domain around 220
(±18) and 390 (±36) for neat PVME (cP = 5 wt%) and PVME
with t-BuOH (cP = 5wt%, ct-Bu = 5wt%). Therefore, the addition
of t-BuOH apparently increases the size of the cooperative do-
main of PVME.

In order to probe the mobility of solvent molecules (both D2O
and t-BuOH) bound in globular structures of PVME above phase
separation temperature Tp, time-resolved spin–spin 1H NMR

Fig. 4 Parameters characterizing phase separation of PVME as obtained
from analysis of p-fractions in Fig. 2. a Phase separation temperatures Tp
(values of Tp for cP = 0.5 wt% are obtained from [34]). b Maximum
fraction of phase-separated PVME units pmax. c Width of phase
separation ΔTwidth. d, e Standard (with respect to molar concentration
of cooperative domains of PVME) enthalpy change ΔH and entropy
change ΔS, respectively, associated with phase separation of PVME.
Two PVME and four t-BuOH concentrations were analysed. The error

bars (at confidence interval 2σ) are calculated from estimated errors in
Fig. 2a, b using the Monte Carlo method with 5000 simulations for each
set of data points (corresponding to particular PVME and t-BuOH
concentration) in Fig. 2. There seems to be strong positive correlation
between ΔH and ΔS (as seen in d, e) and rather weak correlation
between these two parameters and pmax, which is also reflected by
propagation of magnitude of error
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relaxation experiments were performed. Values of spin–spin 1H
NMR relaxation time T2 were obtained for residual CH3 reso-
nance (in t-BuOH at 1.15 ppm) and residual HDO (together with
OH from t-BuOH at around 4.5 ppm) at 312 K (≈39 °C, above
phase separation temperature). The system was monitored for up
to 90 h (about 4 days). Relatively high T2 values measured at the
temperature 295 K (≈22 °C) below Tp clearly show a significant
reduction of mobility of both solvent molecules (D2O and t-
BuOH) when the system passes Tp to a separated state. This is
manifested as a decrease of T2 for both HDO and CH3 of t-
BuOH resonance below (at 295 K) and above (at 312 K) Tp as
seen in Table 1. This effect is more pronounced in samples with
higher 10 wt% PVME content.

Low T2 value of CH3 resonance of t-BuOH at 312K (≈39 °C)
is gradually increasing with time, reaching value corresponding
to t-BuOH inD2Owithout PVME (see Fig. 5). Similar behaviour
can be seen for HDO resonance. However, T2s reach values even
higher than those corresponding to HDO in neat t-BuOH/D2O
system. This is perhaps due to a complicated spin–spin relaxation
mechanism where the chemical exchange between HDO, D2O,
H2O and t-BuOH species has a strong effect on overall T2 value.

Strong PVME concentration dependence of the T2 time evo-
lution is observed (compare Fig. 5a, b). Lower concentration
(5 wt%) has an exponential-like increase of T2 while higher
(10 wt%) has a sigmoidal-like increase. The exponential-like
dependency (5 wt% of PVME) might also have sigmoidal shape
at very short times after phase separation; however, the experi-
mental technique used does not allow to probe these timescales.
Therefore, the fitted tendencies are used rather to guide the
reader’s eye. The time for reaching a plateau can be estimated
as 20 and 60–120 h (2.5–5 days) for 5 and 10 wt% of PVME,
respectively. The concentration of t-BuOH has only a minor
effect for 5 wt% of PVME and relatively significant effect for
10 wt% of PVME. There is a direct connection between the time
evolution of T2 and the rate of the release of solvent molecules
bound in globular structures of PVME. The observed relaxation
rate (R2obs = 1/T2obs) can be expressed as a population-weighted
sum of relaxation rates of free (R2free = 1/T2free) and bound

(R2bound = 1/T2bound) solvent molecules (assuming fast exchange
between these two states):

T2obsð Þ−1 ¼ f bound T2boundð Þ−1 þ 1− f boundð Þ T2freeð Þ−1 ð8Þ

where fbound is the fraction of solvent molecules bound within
globular structures. fbound is a time-dependent parameter—its first
time derivative reflects the rate of release of solvent molecules
from PVME separated structures. Unfortunately, we were not
able to extract this value from our experiments which limits the
interpretation. This is due to the fact that only one resonance
corresponding to both bound and free solvent molecules was
observed. Equation 8 is also constructed based on the assumption
that there is no chemical exchange of protons between free and
bound species or between the two types of solvent molecules (t-
BuOH or D2O). This condition apparently holds only for the
relaxation of CH3 groups in t-BuOH which are unexchangeable

Fig. 5 Time-resolved spin–spin relaxation time T2 of HDO + OH and
CH3 (of t-BuOH) resonances (see Fig. 1, resonances E and D) above
phase separation temperature at 312 K (∼39 °C). Data for a 5 wt% and
b 10 wt% of PVME with two concentrations of binary solvent ct-Bu = 2
and 5 wt% are shown. Data are fitted (cyan and magenta dashed lines)
with a exponential function and b sigmoidal function in order to guide the
reader’s eye.Grey dashed lines are values for neat binary solvent without
presence of PVME

Table 1 1H NMR T2 values for PVME (in 5 wt% t-BuOH in D2O/t-
BuOH solution) below and above phase separation temperature

T2/s

PVME concentration

5 wt% 10 wt%

Type of resonance

Temperature (K) HDO CH3 (t-BuOH) HDO CH3 (t-BuOH)

295 1.0 1.7 0.9 1.6

312 0.38 1.47 0.16 0.8
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(OH groups are exchangeable). Therefore, only the T2 values for
the CH3 group (t-BuOH) are always below the upper limit de-
fined byT2 in neat t-BuOH/D2O solvent (top dashed grey lines in
Fig. 5a, b).

Nevertheless, Fig. 5 gives indirect information about the struc-
ture of the phase-separated PVME. Large differences in the be-
haviour of lower and higher concentrations of PVME indicate
that solvent molecules are trapped in ‘cavities’ in collapsed
globular-like structures and slowly released from them. The re-
lease time for each solvent molecule is somewhat proportional to
the size of globular-like aggregate fromwhich it escapes (for this
model see Fig. 6). During this process, the aggregates become
more compact. At 5wt% of PVME, the aggregated structures are
rather small and solvent molecules can readily escape (20 h). At
10 wt% of PVME, it seems that the aggregated structures form a
sponge-like morphology with encapsulated solvent molecules,
which needs more time to be completely released (60 to 120 h
depending on t-BuOH concentration). The T2 values of CH3 of t-
BuOH also indicate that almost all the t-BuOH molecules are
released from globular structures at low PVME concentration
(Fig. 5a) while at high PVME concentration, some t-BuOH re-
mains in relatively strong contact with the surface of globular
structures (Fig. 5b; the T2 values of CH3 group do not reach those
of neat solvent). It seems that after 120 h, there are no detectable

solvent molecules trapped inside the globules. Presence of
trapped solvent would strongly change its chemical environment
and lead to appearance of new peak in NMR spectrum (which
was not observed).

ITC experiments were additionally conducted in order to
monitor the interactions of PVME with t-BuOH at three defined
temperatures: 306, 308 and 310 K, corresponding to non-sepa-
rated, partially separated and fully separated state of PVME,
respectively (Fig. 7a). Each experiment was performed by the
sequential addition of t-BuOH stock solution (ct-Bu = 2 wt%, in
H2O) into PVME solution (cP = 1 wt%, in neat H2O). At tem-
peratures below phase transition (306 K), the polymer is dis-
solved in a free-coil state, according to NMR data. The interac-
tions between polymer and alcohol are characterized by a small
exothermic effect, even smaller than during the dilution of pure t-
BuOH stock solution in water (compare Fig. 7b, c). When the
temperature of the experiment is adjusted to 310 K, above the
transition temperature, the exothermic effect of the interaction
becomes significantly larger (Fig. 7a). It is worth mentioning that
the heating of the polymer solution was performed prior to
adding alcohol. Therefore, the exothermic effect of the reaction
can be attributed to an interaction of t-BuOH molecules with
collapsed PVME structures. The non-presence of endothermic
responses (possibly attributable to the simultaneous release of

Fig. 6 Model of phase separation of PVME based on NMR relaxation
measurements for a lower and b higher PVME concentrations. a Lower
PVME concentration (i) after phase separation (ii) allows continuous
release of solvent molecules, and within 20 h (iii), the process reaches

its equilibrium with no further change (iv). b Higher PVME content (i)
after phase separation forms non-equilibrium sponge-like structures (ii)
with solvent molecules trapped inside. With time, the system slowly
releases solvent (iii) and moves towards the equilibrium (iv)
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bound water) indicates an attraction between hydrophobic t-Bu
groups of t-BuOH and PVME globular structure which takes
place only on the surface of PVME compact structures (as indi-
cated by NMR relaxation experiments).

Enthalpy changes as a function of the t-BuOHweight fraction
are shown in Fig. 7d. At 308 and 310 K, they gradually decay
towards a saturation value which indicates that t-BuOH
hydrophobically interacts with the surface shell of PVME glob-
ular structures. NMR relaxation experiments support this idea
since the mobility of t-BuOH is high (above Tp and after long
time period); i.e. there are no strongly bound t-BuOHmolecules.

Meanwhile, the most intriguing result was obtained at 308 K,
where dual exothermic/endothermic effects and kinetics in a time
range of a couple of minutes were observed (Fig. 7a, b). By
taking into account the two facts mentioned earlier (i.e. the rela-
tion of endothermic effect with bound water release and rapid
dehydration of PVME chains at low PVME concentration above
phase separation temperature), two contributions to the interac-
tion mechanism at 308 K can be expected. The addition of t-
BuOH results in an almost simultaneous release of bound water
out of the polymer chains with a subsequent interaction of hy-
drophobic parts of t-BuOH and PVME. Moreover, both of these
processes possess a relatively slow dynamic to be able to appear
with an equilibration time about 130 s during the ITC measure-
ment (equilibration time is time needed for a system to recover
from min/max of heating power to the baseline level).

Conclusions

NMR and ITC techniques were chosen to examine interactions
between PVME polymer and solvent molecules (D2O and
t-BuOH additive). The presence of small amounts of t-BuOH
lowers the phase separation temperature and also makes the
separation wider (onset and offset temperatures are further
apart). A maximum fraction of phase-separable PVME units

(pmax) increases with PVME concentration as well as with t-
BuOH concentration. Therefore, the presence of the t-BuOH
additive increases the overall hydrophobicity of PVME.
Thermodynamic parameters connected with phase separation
were calculated from NMR results using an approach based on
the van’t Hoff equation. This revealed that the t-BuOH presence
increases the number of PVMEmonomeric units in one cooper-
ative domain (where all monomeric units undergo phase separa-
tion as whole—‘all-or-none’). NMR time-resolved relaxation
measurements show a different dynamic of the solvent releasing
process for low and high PVME concentrations (above phase
separation temperature). The concentration-dependent morphol-
ogy of PVME is the key factor determining the time period for
the release of solvent molecules. ITC data indicate that the addi-
tion of t-BuOHmolecules results in decrease of PVME solvation
by water molecules, in agreement with NMR results (t-BuOH
lowers phase separation temperature). ITC also suggests that t-
BuOH interacts strongly with only the surface shell of PVME
globular structures through the attraction of hydrophobic do-
mains of PVME and t-BuOH components above phase separa-
tion temperature. The presented results on the PVME/t-BuOH/
D2O system indicate that the PVME solution properties are not
constant in time and the analysis of measurements (and resulting
properties) should always be done with consideration of this
strong time-dependent behaviour.
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Fig. 7 ITC data for titration of t-BuOH stock solution (ct-Bu = 2 wt%, in
H2O) into PVME solution (cP = 1 wt%, in neat H2O) at different
temperatures: 306, 308 and 310 K. a Raw ITC data obtained as a heat
power delivered to measurement cell vs. time. b Magnification of one
selected stock solution addition (into PVME solution, as seen in a) in

order to emphasize the equilibration time. c Control experiment of t-
BuOH stock solution (ct-Bu = 2 wt%, in H2O) addition into neat water.
d Plot of enthalpy change connected with t-BuOH/PVME interaction as a
function of t-BuOH weight fraction
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ABSTRACT: Poly(N-isopropylacrylamide) (PNIPAM) is an important polymer
with stimuli-responsive properties, making it suitable for various uses. Phase
behavior of the temperature-sensitive PNIPAM polymer in the presence of four
low-molecular weight additives tert-butylamine (t-BuAM), tert-butyl alcohol (t-
BuOH), tert-butyl methyl ether (t-BuME), and tert-butyl methyl ketone (t-
BuMK) was studied in water (D2O) using high-resolution nuclear magnetic
resonance (NMR) spectroscopy and dynamic light scattering. Phase separation
was thermodynamically modeled as a two-state process which resulted in a simple
curve which can be used for fitting of NMR data and obtaining all important
thermodynamic parameters using simple formulas presented in this paper. The
model is based on a modified van’t Hoff equation. Phase separation temperatures
Tp and thermodynamic parameters (enthalpy and entropy change) connected
with the phase separation of PNIPAM were obtained using this method. It was
determined that Tp is dependent on additives in the following order: Tp(t-BuAM)
> Tp(t-BuOH) > Tp(t-BuME) > Tp(t-BuMK). Also, either increasing the additive concentration or increasing pKa of the
additive leads to depression of Tp. Time-resolved 1H NMR spin−spin relaxation experiments (T2) performed above the phase
separation temperature of PNIPAM revealed high colloidal stability of the phase-separated polymer induced by the additives
(relative to the neat PNIPAM/D2O system). Small quantities of selected suitable additives can be used to optimize the
properties of PNIPAM preparations including their phase separation temperatures, colloidal stabilities, and morphologies, thus
improving the prospects for the application.

1. INTRODUCTION

Stimuli-responsive polymers, also called “smart polymers”, are
a group of materials which are responsive to external stimuli
due to variations in their hydrophilic−hydrophobic charac-
ters.1−5 Temperature, solvents, salts, pH, electromagnetic
radiation, chemical, or biological agents are all potential
stimuli which can trigger a response,1,5−7 and there are also a
variety of responses, including conformational change, micelle
formation, dissolution/precipitation, or variations in optical or
electrical properties. Temperature-responsive polymers are
well-known for their unique property to undergo phase
separation upon temperature decrease (upper critical solution
temperature behaviorUCST) or temperature increase
(lower critical solution temperature behaviorLCST).7−16

The phenomenon of phase separation is due to a coil−globule
transition, whereby the expanded coils of polymer chains
undergo a transition to compact polymer globules. At the
molecular level, phase separation in solutions is considered to

be a macroscopic manifestation of a coil−globule transition
followed by further aggregation and formation of colloidally
stable mesoglobules.4,17,18 Phase separation is associated with
variations in the balance between several types of interactions,
including hydrogen bonds and hydrophobic interactions.4

Prolonging the colloidal stability of phase-separated polymers
is an important issue in applications such as controlled release,
drug delivery, bioseparation, and diagnostics. It is still unclear,
for some polymers, what is the main driving force behind their
high colloid stability in thermodynamically unfavorable media.4

Poly(N-isopropylacrylamide) (PNIPAM) is a well-known
temperature-responsive polymer with LCST at approximately
32 °C,19 close to human body temperature. This makes
PNIPAM-based systems interesting for various biomedi-
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cal1,2,6,7,20−26 and technological8 applications. PNIPAM and its
copolymers have been widely studied by means of light-
scattering techniques,19,27 Fourier transform infrared spectros-
copy,3,28 refractometry,29 pressure perturbation calorimetry,30

differential scanning calorimetry,31−33 isothermal titration
calorimetry,34 and nuclear magnetic resonance (NMR)
spectroscopy.10,27,28,33,35,36 The presence of low-molecular
weight compounds such as salts37 or surfactants38 can shift
the phase equilibrium of PNIPAM to higher or lower
temperatures. PNIPAM can also undergo phase separation at
a constant temperature by changing the ratio of two polar
solvents (e.g., water−methanol, water−ethanol, and water−
tetrahydrofuran), the so-called co-nonsolvency effect.15,39,40

These properties make PNIPAM attractive for various
applications.
In this work, we provide a comparative analysis of the effects

of low-molecular weight hydrophobic additives on the phase
separation of PNIPAM. In particular, the behavior of PNIPAM
in response to small quantities of tert-butyl alcohol (t-BuOH),
tert-butylamine (t-BuAM), tert-butyl methyl ether (t-BuME),
and tert-butyl methyl ketone (t-BuMK) additives has been
investigated (Figure 1). NMR spectroscopy was used as the

main technique for the analysis of the effects of additives on
phase behavior with phase separation being modeled as a two-
state dynamical process. The NMR data were rationalized in
terms of a modified van’t Hoff equation fitted to experimental
data. This approach allows determination of thermodynamic
parameters such as the variations in enthalpy and entropy
associated with phase separation. 1H NMR spin−spin
relaxation experiments (T2) were used to examine the
molecular mobility of the additives and D2O solvent molecules.
Spin−spin relaxation times T2 provide information about the
colloidal stability of phase-separated PNIPAM over time. The
dynamic light scattering (DLS) technique was used to
determine the sizes of polymer globules formed above the
phase separation temperature.

2. RESULTS AND DISCUSSION
Examples of NMR spectra of PNIPAM (5 wt % in D2O) in the
presence of the additives studied (2 wt % in D2O) below (22
°C) and above (∼41 °C) the phase separation temperature are
shown in Figure 2. The spectra clearly indicate that after phase
separation, the resonances due to PNIPAM (a, b, c, and d
resonances in Figure 2) disappear. This effect is connected
with the low mobility of PNIPAM globular structures above
phase separation.

Figure 3a shows the 1H NMR spectra measured during
heating at small temperature steps either side of the phase
separation temperature. A gradual decrease in the resonance
intensity due to PNIPAM can be observed. To perform the
quantitative analyses of the phase separation, the value of the
phase-separated fraction of PNIPAM units p(T) was calculated
using the following formula.10,41−43

= − ′
′

= −p T
I T
I T

T
T

I T
I T

( ) 1
( )
( )

1
( )
( )0 0 0 0 0 (1)

where I0′(T0) is temperature-dependent integrated intensity of
the NMR resonance corresponding to polymers below the
phase separation temperature (usually determined at T0 = 20

Figure 1. Chemical structures of temperature-sensitive PNIPAM and
the additives used in this study: tert-butylamine (t-BuAM), tert-butyl
alcohol (t-BuOH), tert-butyl methyl ether (t-BuME), and tert-butyl
methyl ketone (t-BuMK).

Figure 2. 1H NMR (600.2 MHz) of PNIPAM (wP = 5 wt %, D2O)
below (at 22 °C) and above (at ca. 41 °C) the phase separation
temperature in the presence of wadditive = 2 wt % of additives: (a) t-
BuAM, (b) t-BuOH, (c) t-BuME, and (d) t-BuMK. Resonance
assignments of PNIPAM and all additives are also shown for each
case.
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°C). The I′(T) is temperature-dependent integrated intensity
of the same resonance in the partly phase-separated system
(determined at T > 20 °C). The I0′(T0) and I′(T) values are
unaffected by the fundamental temperature dependence of
integrated intensities according to the Boltzmann equation.
The Boltzmann equation states that the integrated intensities
are temperature-dependent and decrease with absolute
temperature as 1/T. This effect is corrected in eq 1 using
the formulae I(T) = I′(T)/T and I0(T0) = I0′(T0)/T0, where
I(T) and I0(T0) are Boltzmann-uncorrected integrated
intensities as obtained from measurement of the partly
phase-separated system and prior to phase separation,
respectively. The “b” resonance corresponding to the NCH
group of PNIPAM (Figure 3a) was used for evaluation of the
integrated intensities and subsequent calculation of the phase-
separated fraction. This yields the right side of eq 1 used for
data analysis at temperatures T ≥ T0, where T is the actual
temperature of measurement and T0 is the temperature below
phase separation of PNIPAM. The results obtained using this
method are plotted in Figure 3b (solid squares).
To extract the thermodynamic parameters of the phase

separation of PNIPAM solutions from NMR data, we have
used a simple model based on two exchangeable states41

(Figure 4). State one consists of polymer units in the coil form
(a freely moving polymer chain). The second consists of

polymer units in the globular form (rather compact rigid
structures). The transition between these two states (coil−
globule transition) is described by an equilibrium constant K,
which is defined as the ratio of separated Nseparated and
separable (but not separated yet) Nseparable PNIPAM units.

=K
N

N
separated

separable (2)

This model also takes into account that some polymer
chains are not separable and remain in a coil state even at high
temperatures (often attributed to the low molecular weight
fractions of the polymer44), reflected by Ninseparable (i.e., number
of inseparable PNIPAM units). The fraction of phase-
separated PNIPAM units p(T) is generally defined in eq 3.

=
+ +

p T
N

N N N
( ) separated

separable inseparable separated (3)

The combination of eqs 2 and 3 gives a formula for p(T) as a
function of the equilibrium constant K

=
+ −p T
p

K
( )

1
max

1 (4)

where pmax = (Nseparable + Nseparated)/(Nseparable + Ninseparable +
Nseparated) is the maximum fraction of PNIPAM phase separable
units. The van’t Hoff equation for the temperature dependence
of the equilibrium constant K is shown in eq 5.

= − Δ − ΔK e H T S RT( )/ (5)

where ΔH and ΔS are the standard changes in enthalpy and
entropy, respectively, connected with phase separation of
PNIPAM. R is the gas constant (8.314 J mol−1 K−1) and T is
the absolute temperature. Combining eqs 4 and 5 yields a final
formula for p(T)41

=
+ Δ −Δp T

p
( )

1 e H RT S R
max

/ / (6)

Experimental data for p(T) as shown in Figure 3b were fitted
using eq 6 such that values of ΔH and ΔS could be obtained.
Another important parameter is the temperature of the phase
separation Tp, calculated as the onset temperature obtained
from fitting of the p(T) curve (see Figure 3b). The value of Tp
is found at the intersection point of the tangent at the inflexion
point Ti of the p(T) curve and the x-axis. The inflexion is at the

Figure 3. (a) Superimposed 1H NMR (600.2 MHz) spectra of
PNIPAM (wp = 5 wt %) with t-BuMK additive (wt‑BuMK = 2 wt %)
measured at temperatures about the phase separation temperature.
Assignment of PNIPAM and t-BuMK signals is shown. (b) Phase
separation fraction p(T) of PNIPAM polymer units (solid squares) as
obtained from (a) using eq 1. The solid line is fit based on eq 6.
Photos of solutions below and above phase separation (irradiated by a
green laser pointer) are included.

Figure 4. Schematic model of phase separation of the PNIPAM
polymer containing three types of units used for the thermodynamic
model.
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point where the second derivative of p(T) is zero p″(T) =
d2p(T)/dT2 = 0, resulting in the following eq 7

+ + Δ − =Δ −Δ Δ −ΔT
H

R
2 (1 e ) (1 e ) 0H RT S R H RT S R

i
/ / / /i i

(7)

This equation does not have analytical solution in the closed
form. Therefore, the numerical bisection method can be used
for the determination of the inflexion point Ti. However, a
solution of excellent accuracy can be found using an
approximation. Equation 7 can be rearranged as eq 8.
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where the term containing exponentials corresponds to the
tanh function, subsequently approximated using the first term
of its Taylor expansion (i.e., tanh(x) ≈ x). This yields a
quadratic equation for Ti, eq 9

+ Δ Δ − Δ =R T H ST H4 02
i
2

i
2

(9)

whose solution has the form of eq 10.
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At this point, the Taylor expansion of the square root up to
t h e s e c o n d o r d e r t e r m i s u s e d ( i . e . ,

+ ≈ + −x x x1 1 1
2

1
8

2). After several rearrangements, a

simple formula for the temperature at the inflexion point Ti can
be obtained.
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The condition for the intersection of the tangent line at the
inflexion point and x-axis leads to an expression for the
temperature of phase separation Tp.

= −
− ′ ×

′
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where p′(Ti) denotes the first derivative of p(T) with respect
to T evaluated at Ti. Using a similar approach, an equation for
the offset temperature Toff (Figure 3b) can be derived from the
intersection of the tangent line with line y = pmax.
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The offset temperature Toff indicates the point at which
phase separation is nearly complete. From Tp and Toff, the
width of the phase separation ΔTwidth (the difference between
offset and onset temperatures; see Figure 3b) can be
determined using the following formula

Δ = − =
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The fitting of experimental data using eq 6 yields values for
ΔH, ΔS, and pmax. Thereafter, the parameters Tp and ΔTwidth
can be determined using eqs 12 and 14, respectively. Error
analysis indicates that these approximations introduce only
negligible errors into the values of Ti, Tp, Toff, and ΔTwidth
obtained.a

Figure 5 shows p(T) as calculated from NMR experimental
data for samples of PNIPAM (5 and 10 wt %) and all additives

(5 wt %). It can be seen that the phase separation temperature
Tp decreases (for both PNIPAM concentrations), depending
on the additive, in the following order: no additive > t-BuAM >
t-BuOH > t-BuME > t-BuMK.
Figure 6 shows plots of the phase-separated fraction p(T)

obtained from NMR data for all measured combinations of
PNIPAM (5 and 10 wt %) and additives (0, 2, 5, and 7 wt %).
The data were fitted using eq 6. All relevant thermodynamic
parameters (Tp, ΔTwidth, pmax, ΔH, and ΔS) are graphically
summarized in Figure 7. It can be seen that there are only
small differences in all studied parameters for 5 and 10 wt % of
PNIPAM. Increasing the content of any additive decreases the
phase separation temperature (Tp, Figure 7a,b), increases the
width of phase separation (ΔTwidth, Figure 7c,d), and decreases
both enthalpy (ΔH, Figure 7g,h) and entropy change (ΔS,
Figure 7i,j) connected with phase separation of PNIPAM. The

Figure 5. Influence of additive types (wadditive = 5 wt %) on the phase-
separated fraction p(T) of (a) wp = 5 wt % and (b) wp = 10 wt % of
PNIPAM as obtained from the NCH resonance of PNIPAM. Key:
Full/empty squares = experimental points, full/dashed lines = fits
according to eq 6.
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value of Tp depends on the additive type and decreases in the
following order (at constant wadditive): t-BuAM > t-BuOH > t-
BuME > t-BuMK. t-BuMK has the greatest effect on Tp
(decrease of ca. 10 °C), ΔTwidth, ΔH, and ΔS, which will be

discussed in detail later. Values of pmax are close to 1 (within
experimental error) for all additives (Figure 7e,f).
The additives can be ordered in terms of relative

hydrophobicity. Using the values of partition coefficients, log
P (given in brackets for each additive) estimated using HSPiP
software45 gives the order from least to most hydrophobic
additives in the following sequence: t-BuAM (0.3) > t-BuOH
(0.5) > t-BuME (0.9) > t-BuMK (1.2). From this perspective,
the phase separation of PNIPAM is mostly affected by t-BuMK
because of its hydrophobic association with PNIPAM. This
association leads to the partial removal of water molecules
from the vicinity of the polymer chains. This effect lowers Tp
and ΔH because less heat is required to break hydrogen bonds
between polymer chains and solvating water molecules.
Acidity/basicity is another parameter characterizing these

additives. Figure 8 is a plot of Tp as a function of pKa for each

Figure 6. Plots of phase-separated fraction p(T) as obtained from
NCH resonances of PNIPAM (solid line 5 wt %; dashed line 10 wt
%) with various concentrations of (a) t-BuAM, (b) t-BuOH, (c) t-
BuME, and (d) t-BuMK. Key: Full/empty squares = experimental
points, full/dashed lines = fits according to eq 6.

Figure 7. Parameters characterizing phase separation of PNIPAM (5
and 10 wt %) in the presence of the additives studied as denoted in
each panel. (a,b) Phase separation temperatures Tp. (c,d) Width of
phase separation ΔTwidth. (e,f) Maximum fraction of phase-separated
PNIPAM units pmax. (g,h) Variations in standard enthalpy, ΔH. (i,j)
Variations in standard entropy, ΔS. Key: Solid and empty black
squares correspond to 5 and 10 wt % PNIPAM solutions without
additives, respectively.
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additive and its weight fraction. It can be seen that higher pKa
(higher basicity) of the additive lowers Tp. Also, larger content
of the same additive decreases the Tp value (vertical gray
arrows in Figure 8). This is again because of the higher basicity
of the solution. Therefore, pH of the aqueous solution
significantly affects the phase separation temperature of
PNIPAM.
A series of time-resolved spin−spin 1H NMR relaxation

experiments was performed in order to determine the
mobilities of water and additive molecules below and above
the phase separation temperature of PNIPAM (for wp = 5 wt
%). The values of spin−spin 1H NMR relaxation time T2 were
acquired for residual HDO and also for the t-butyl proton
resonances of t-BuOH, t-BuME, and t-BuMK as shown in
Figure 9. T2 relaxation times above phase separation (T = 310
K = 37 °C) were significantly shorter than those at the
temperature (T = 286 K = 13 °C) below separation for both
HDO and t-butyl (CH3)3 groups. This shows that HDO
molecules as well as additive molecules exhibit a lower,
spatially restricted mobility. Contributions due to chemical
exchange16 are also important because the mobility-restricted
solvent molecules are bound within mesoglobules and thus
have a low T2 value. The overall T2 value is the weighted
harmonic mean of bound and free T2 values, resulting in low
overall T2 above phase separation.

51 The sample was then kept
in the NMR magnet at an elevated temperature (T = 310 K =
37 °C), and the time dependence of T2 was measured. After
the value of T2 had reached a plateau, we observed no further
changes of T2 values over the course of days (Figure 9a−f). T2
values remained relatively low (ca. 0.7 s for HDO and ca. 0.2 s
for t-butyl groups of additives), indicating that the solvent
molecules remain restricted in mobility and bound in
mesoglobular structures. This further indicates that these
systems are colloidally stable solutions, such that the phase-
separated particles do not aggregate and precipitate. This
observation is in contrast to the pristine PNIPAM/D2O system
lacking any additive in which the T2 relaxation time after 130 h
(5.5 days) recovers to its original value (Figure 9g).10 This

corresponds to a state in which water, originally bound in
mesoglobules, is very slowly released from these structures,
making them more compact. Our observations indicate that
the hydrophobic association of PNIPAM and the studied
additive molecules increases the colloidal stability of phase-
separated polymers sequestering the solvent molecules (both
D2O and the additive) within the mesoglobular structure for
extended periods (for at least 8 days in the case of t-BuOH). It
seems that after phase separation, the additive (which
hydrophobically associates with PNIPAM) acts as a shell
around the mesoglobules with effective steric stabilizing
properties,4 which prevents further aggregation and precip-
itation.
DLS data provide information about the size of PNIPAM

globules in the presence of additives (t-BuAM, t-BuOH, t-
BuME, or t-BuMK). There is no significant variation in the
hydrodynamic diameters (∼230 nm) for t-BuAM, t-BuOH,
and t-BuMK additives (Figure 10a). There is a relatively
narrow distribution for t-BuAM, which might be caused by its
Brønsted-type base character (capability of accepting protons),
resulting in a different association mode with PNIPAM. For t-
BuME additive, it was found that the particle size was smaller

Figure 8. Plot of the phase separation temperature Tp (data from
Figure 7a,b) as a function of pKa of additives and its content (wadditive)
for both 5 and 10 wt % of PNIPAM. The values of pKa correspond to
nondeuterated additives: t-BuAM (pKa = 10.68),46 t-BuOH (pKa =
16.54),47 t-BuME (pKa = 16.89),48 and t-BuMK (pKa = 20.8).49 The
value of pKa for neat D2O is set to 14 (same as H2O) for consistency
with additives. For clarity, there are slight offsets of additive pKa
values for 5 and 10 wt % of PNIPAM. All values of pKa (in H2O) can
be converted to pKa* (in D2O) using the approximate formula pKa* =
1.076 × pKa − 0.45.50 However, this corresponds practically to a ca.
+0.8 pKa unit shift (i.e., to more basic) of the experimental points, and
so it does not change the character of the plot.

Figure 9. Time dependency of spin−spin relaxation time T2 of HDO
and (CH3)3 resonances of additives (wadditive = 5 wt %) below (T =
286 K = 13 °C) and above (T = 310 K = 37 °C) the phase separation
temperature of PNIPAM (wp = 5 wt %). T2 values measured in the
presence of (a,b) t-BuOH, (c,d) t-BuME, and (e,f) t-BuMK. (g)
Pristine PNIPAM/D2O system (wp = 5 wt %). Data are taken from ref
10.
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at around 110 nm in diameter (Figure 10b). This does not
correlate with any additive property parameter such as
hydrophobicity (log P) or acidity (pKa) and is probably
caused by some specific structure-related intermolecular
interactions between PNIPAM and t-BuME.

3. CONCLUSIONS
In summary, we have reported the effect of low-molecular
weight additives, such as t-BuAM, t-BuOH, t-BuME, or t-
BuMK, on the phase behavior of the PNIPAM polymer in D2O
solutions using NMR and DLS methods. Phase separation was
modeled as a two-state process. NMR data were rationalized in
terms of a modified van’t Hoff equation fitted to the
experimental data. This allowed us to obtain accurate values
of phase separation temperatures Tp and thermodynamic
parameters, such as variations in enthalpy and entropy
connected with the phase separation of PNIPAM. We have
found that (depending on the additive type) the phase
separation temperature Tp decreases (at a constant additive
weight fraction) in the following order: Tp(t-BuAM) > Tp(t-
BuOH) > Tp(t-BuME) > Tp(t-BuMK). Tp also decreases with
an increasing concentration of additives. This effect is strongest
for t-BuMK with a Tp decrease of ca. 10 °C relative to the
pristine PNIPAM/D2O system. We found that the additives
hydrophobically associate with the PNIPAM chain, leading to
the removal of water molecules from the solvating shell of
polymers, thus lowering the enthalpy change of phase
separation. An interesting correlation between the pKa of
additives and the phase separation temperature Tp of
PNIPAM, that higher pKa (i.e., higher basicity) leads to
lower Tp, was also found. Time-resolved 1H NMR spin−spin
relaxation experiments (T2) above the phase separation
temperature revealed that when PNIPAM is in a mesoglobular
state, there is no change in the restricted mobility of solvent
molecules over the course of days. This indicates the high
colloidal stability of phase-separated polymers, with trapping of

the solvent molecules (both D2O and additives) within its
structure. This effect is in contrast to the PNIPAM/D2O
system lacking additives in which the majority of water is
released from mesoglobules within 5 days. Therefore, a small
quantity of a suitable additive can be used for the tuning of
PNIPAM properties, such as phase separation temperature,
colloidal stability, and morphology/dimensions of formed
mesoglobules. Improvements in the stabilities of colloidal
solutions of PNIPAM or similar polymers ought also to
improve their attractiveness for various applications either
simply because of possibilities for extending the stable shelf
lives of preparations or because of the tunability of phase
separation properties within the physiologically important
temperature range.

4. MATERIALS AND METHODS
PNIPAM (Mw = 19 000−26 000 g/mol) (see Figure 1 for the
structure) was purchased from Sigma-Aldrich. D2O (Sigma-
Aldrich, 99.9% of deuterium) was used for sample preparation.
tert-Butyl alcohol (t-BuOH), tert-butylamine (t-BuAM), tert-
butyl methyl ether (t-BuME), and tert-butyl methyl ketone (t-
BuMK) (see Figure 1 for the structures) were purchased from
Sigma-Aldrich and used as received. All samples were sealed in
5 mm NMR tubes. The weight fraction of PNIPAM in the
binary solvent D2O/additive was calculated as wp = mp/(mp +
mD2O + madditive) × 100% (in wt %), where mp, mD2O, and
madditive are masses of the PNIPAM polymer, D2O, and
additives, respectively. The composition of the binary solvent
D2O/additive was determined by the weight fraction of an
additive in D2O/additive solution as wadditive = madditive/(mD2O +
madditive) × 100% (in wt %).
High-resolution 1H NMR spectra were recorded using a

Bruker AVANCE III 600 spectrometer operating at 600.2
MHz. During measurements at different temperatures, receiver
gain was kept constant to obtain comparable values of
integrated intensities. The 1H spin−spin relaxation times T2
were measured using a CPMG pulse sequence of 90x° − (td −
180y° − td)nacquisition with a half-echo time td = 5 ms.
Each experiment was performed over 4 scans with a relaxation
delay between scans of 120 s. The resulting T2 relaxation
curves are monoexponential. The fitting process made it
possible to determine consistently a single value of the
relaxation time. The relative error of T2 values of the HDO and
the additive (CH3)3 groups did not exceed ±8%. During
measurement, temperature was maintained constant within
±0.2 K using a BVT 3000 temperature unit. Prior to each
measurement, samples were equilibrated for about 15 min at
the measurement temperature.
The hydrodynamic diameter Dh (z-average) and size

distribution of polymer assemblies in deuterated water
(D2O) (wp = 0.015 wt %) were determined at 50 °C using a
ZEN 3600 Zetasizer Nano Instrument (Malvern Instruments,
Malvern, UK). The data were subsequently analyzed using the
supplied Malvern Instruments software. Prior to measurement,
samples were filtered using a 0.22 μm polyvinylidene fluoride
filter to remove any interfering dust particles. Each measure-
ment consisted of an average of five scans.
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■ ADDITIONAL NOTE
aComparison of exact numerical solution of eq 7 (Ti

exact) with
approximate solution described by eq 11 (Ti

approx) shows that
for ΔH ≥ 105 J mol−1 and ΔS ≥ 200 J mol−1 K−1, the error is
|Ti

exact − Ti
approx| < 0.04 K. The lower boundary of ΔH and ΔS

is chosen as an extreme case far from experimentally obtained
values. For higher values of ΔH and ΔS, the error in
determination of Ti using the approximate formula further
decreases. Subsequently, errors calculated (using exact and
approximate values of Ti) for the phase separation temperature
[Tp; eq 12] and the width of the phase separation [ΔTwidth; eq
14] are |Tp

exact − Tp
approx| < 10−4 K and |ΔTwidth

exact − ΔTwidth
approx| <

10−4 K, respectively. Therefore, the approximations used here
introduce only negligible errors.
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(12) Spe ̌vaćěk, J.; Dybal, J.; Starovoytova, L.; Zhigunov, A.;
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