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Abstract
Sets of the nonionic polymers poly(N-vinyl isobutyramide) (pNVIBAm) and poly(N-isopropyl methacrylamide) (pNIP-
MAm) are synthesized by radical polymerization covering the molar mass range from about 20,000 to 150,000 kg mol−1, 
and their thermoresponsive and solvent-responsive behaviors in aqueous solution are studied. Both polymers feature a 
lower critical solution temperature (LCST) apparently of the rare so-called type II, as characteristic for their well-studied 
analogue poly(N-isopropyl acrylamide) (pNIPAm). Moreover, in analogy to pNIPAm, both polymers exhibit co-nonsol-
vency behavior in mixtures of water with several co-solvents, including short-chain alcohols as well as a range of polar 
aprotic solvents. While the cloud points of the aqueous solutions are a few degrees higher than those for pNIPAm and 
increase in the order pNIPAm < pNVIBAm < pNIPMAm, the co-nonsolvency behavior becomes less pronounced in the 
order pNIPAm > pNVIBAm > pNIPMAm. Exceptionally, pNIPMAm does not show co-nonsolvency in mixtures of water 
and N,N-dimethylformamide.

Keywords  Phase transition · Thermoresponsive polymers · Poly(N-vinyl isobutyramide) · Poly(N-isopropyl 
methacrylamide) · Lower critical solution temperature · Co-nonsolvency

Introduction

The interest in the thermoresponsive behavior of polymers 
in aqueous solution has been mostly focused on the occur-
rence of a lower critical solution temperature (LCST) and 

a miscibility gap at elevated temperatures, implying a coil-
to-globule transition of the solvated polymer chain when 
passing the phase boundary [1–3]. In fact, LCST behavior 
is widespread among nonionic polymers in aqueous solution 
[4, 5]. The precise transition temperature of a given system 
depends on a number of molecular features, first of all on the 
chemical structure of the monomer and the resulting consti-
tutional repeat unit (CRU) [4, 6, 7], or in the case of statisti-
cal copolymers, on their composition [8–12]. Moreover, it is 
modulated by various additional molecular parameters, such 
as the polymer molar mass, end groups [13, 14], and tactic-
ity [15–17]. Further, the transition temperature depends on 
numerous physical parameters of the system studied, includ-
ing the polymer concentration or the pressure [18–21], and 
can be modulated by the presence of low molar mass addi-
tives, such as electrolytes, H-bond modifiers, osmolytes, or 
organic co-solvents [22–25].

While numerous nonionic water-soluble polymers exhibit 
a lower consolute boundary with a LCST in aqueous sys-
tems, on a closer view, type I and type II LCST behaviors 
can be distinguished [26, 27]. The former is the standard 
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case and characterized by Flory–Huggins-like phase behav-
ior, for which, e.g., the phase transition temperature changes 
sensitively with the polymer’s concentration and molar mass. 
Characteristically, the polymer concentration of the criti-
cal point approaches the value of 0 with increasing molar 
mass. When heating across the transition temperature, such 
polymers undergo a marked, but continuous desolvation, or 
a gradual shrinking in the case of hydrogels. Type I behav-
ior is advantageous, for instance, for applications where the 
LCST transition is translated into quantitative signals or 
effects, which change markedly, though continuously within 
a certain temperature interval. This behavior is typically 
aspired for, e.g., sensors or molecular thermometers [28–32]. 
A characteristic feature of the exceptional type II behavior 
is the existence of an off-zero liquid–liquid critical com-
position for a hypothetical polymer of infinite molar mass 
[27, 33, 34]. This means that even at high molar masses, 
the polymer concentration at the critical point approaches a 
fixed value, but does not become zero. Typically, the phase 
transition temperature changes only weakly with the poly-
mer’s molar mass when exceeding a value of about 20 kDa, 
and with its concentration over a large concentration range 
[35]. When heating beyond the transition temperature, such 
polymers undergo a rather abrupt desolvation or shrinking 
[26, 27], while gels show a discontinuous swelling transition 
[36, 37]. These features are typically advantageous for appli-
cations where the LCST transition is to be translated into 
a threshold value, as, e.g., for switches, actuators, valves, 
alarming devices, or controlled delivery purposes [38–44].

The prototype of polymers with LCST type II behavior in 
aqueous media is poly(N-isopropyl acrylamide) (pNIPAm), 
in which LCST is conveniently located around 30 °C [4, 
27, 45–47]. Furthermore, pNIPAm shows also a rich co-
nonsolvency behavior, i.e., insolubility in specific mixtures 
of good solvents, namely for mixtures of water and numer-
ous water-miscible organic solvents [48–50]. Though studied 
intensely since long, many open questions remain on the 
behavior of pNIPAm [27], including, e.g., the uniqueness of 
pNIPAm’s behavior in solution. To clarify this aspect, we 
studied two chemically close analogs of pNIPAm, namely, 
the polymers poly(N-vinyl isobutyramide) (pNVIBAm) and 
poly(N-isopropyl methacrylamide) (pNIPMAm) (Fig. 1), 
which both share the secondary amide moiety as a hydro-
philic key motif, investigating the impact of their modified 
molecular structures on the stimuli-responsive behavior.

The CRU of pNVIBAm represents a structural isomer 
of pNIPAm, with the only difference that the orientation 
of the amide moiety relative to the polymer backbone is 
inverted. Accordingly, when judging on an incremental base, 
both polymers pNVIBAm and pNIPAm are characterized 
by the identical hydrophilic–hydrophobic balance. How-
ever, literature reported an LCST value of around 40 °C for 
pNVIBAm [18, 51–55], contrasting with the LCST value 

of around 30 °C typically reported for pNIPAm [1, 27, 45]. 
The reasons for this difference are not clear so far. Anyhow, 
the number of reports on pNVIBAm and its phase behavior 
in aqueous solution is very limited, in flagrant contrast to 
the myriad reports on pNIPAm. Moreover, many of the few 
reports using NVIBAm as building block deal with chemi-
cally cross-linked hydrogels [56–58] or with copolymers 
[58–61], rather than with soluble homopolymers. Neverthe-
less, the few studies available suggest the exceptional type 
II LCST behavior for pNVIBAm [56] and mention, at least 
briefly, co-nonsolvency behavior in one system, namely in 
ethanol–water mixtures [62, 63].

The polymer pNIPMAm can be considered a homologue  
of pNIPAm bearing an additional methyl group on the poly-
mer backbone. Although reports on pNIPMAm and its phase 
behavior in aqueous solution have been less rare than reports 
on pNVIBAm, the literature has remained quite scarce up 
to now, too. Notwithstanding, the structural similarity of 
pNIPMAm to pNIPAm has incited studies on its phase 
behavior in aqueous solution from the very beginning [35,  
64, 65]. Remarkably, the LCST of pNIPMAm is not lower 
than the LCST of pNIPAm, as might have been expected due 
to the additional—a priori hydrophobic—methyl group of  
the repeat unit, but it is about 40–45  °C and thus 
higher [7, 64, 66–69]. Proposed explanations of this  
comparably high value include the sterically more crowded 
backbone weakening intrapolymer interactions [69–74],  
and an increased residence time of hydration water on the 
polymers [75]. Although the aqueous solution behavior of 
pNIPMAm shows some particularities [69, 76], it seems also 
to be of LCST type II [69]. Similar to pNVIBAm, only few 
studies mentioned co-nonsolvency behavior of pNIPMAm 
up to now, namely for aqueous mixtures of methanol [77], 
ethanol [78, 79], and acetone [44, 80].

Fig. 1   Chemical structure of the polymers synthesized, poly(N-vinyl 
isobutyramide) (pNVIBAm) and poly(N-isopropyl methacrylamide) 
(pNIPMAm), in comparison to the reference poly(N-isopropyl acryla-
mide) (pNIPAm), and of their underlying monomers
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In our study, we synthesized sets of varying molar masses 
for both pNVIBAm and pNIPMAm and investigated the 
effects of the varied molecular structures on the stimuli-
responsive behavior. We studied, in particular, the phase 
transition temperature in pure water and in mixtures of  
water with a series of fully water-miscible organic solvents, 
comprising the protic solvents methanol, ethanol, n-propanol,  
and iso-propanol, as well as the aprotic solvents N,N- 
dimethylformamide (DMF), dimethylsulfoxide (DMSO), 
acetone, tetrahydrofuran (THF), and 1,4-dioxane.

Experimental

The chemicals and solvents used, as well as the monomer 
syntheses following literature procedures [81, 82], are speci-
fied in detail in the Supplementary Information.

Polymerizations

Conventional free radical polymerizations were performed 
to obtain pNIPMAm and pNVIBAm homopolymers. A typi-
cal procedure is presented in the following. Complete lists of 
all conventional free radical polymerizations along with the 
specific reaction parameters are provided in Tables 1 and 2.

N-Isopropyl methacrylamide (NIPMAm, 1.00 g, 7.86  
mmol) was placed in a round-bottom flask equipped with a 
magnetic stirring bar. Initiator 2,2′-azobis(isobutyronitrile) 
(AIBN, 0.50 mg, 0.0031 mmol) was added, followed by 
additional benzene (total 2.66 mL), to achieve an over-
all concentration of 30 wt%. The flask was closed with a 
silicone septum and degassed with argon for 15 min, after 
which the flask was immersed in an oil bath of 65 °C. The 
reaction was allowed to proceed for 18 h, and then quenched 
by exposure to air and cooling to room temperature. The 
polymer was dissolved in acetone and precipitated into a 

tenfold volume of 2:1 diethyl ether/pentane. The precipitate 
was collected by filtration, and precipitation was repeated, 
if necessary, until no residual monomer was present, as evi-
denced by 1H NMR analysis. Finally, the polymer was dis-
solved in water and lyophilized to yield a colorless, hygro-
scopic powder.

Methods and equipment

1H NMR and 13C NMR spectra were recorded at ambient tem-
perature in deuterated solvents, using a Bruker Avance 300  
(300 MHz/75 MHz), Bruker Avance NEO 400 (400 MHz/101  
MHz), Bruker Avance Neo 500 (500  MHz/126  MHz), or 
Bruker AVANCE III (600  MHz/151  MHz) spectrometer,  
depending on the resolution and sensitivity needed. Polymer 
concentrations were around 40 g L−1.

Size exclusion chromatography (SEC) of the polymers 
was performed at 25 °C in NMP with 0.5 wt% of LiBr added 
as an eluent, using a TSP P1000 isocratic pump (Thermo 
Fisher Scientific, Dreieich, Germany), a Shimadzu RID-6A 
refractive index detector (Shimadzu Corporation, Kyoto, 
Japan), and a PSS GRAM column (7 μm, 8 × 300 mm) 
(PSS GmbH, Mainz, Germany). The SEC setup was cali-
brated using narrowly distributed poly(methyl methacrylate) 
(PMMA) standards (PSS GmbH, Mainz, Germany).

Cloud points (TCP) of the polymers were determined 
by turbidimetry using a Varian Cary 5000 UV–Vis-NIR 
spectrophotometer, equipped with 6 + 6 cell Peltier ther-
mostated cell holders, using quartz cuvettes with an opti-
cal path length of 10 mm. Measurements were performed 
at a wavelength (λ) of 500 nm, with heating and cooling 
rates of 0.5 K min−1. Measured transmission values were 
normalized to the maximum value in each sample’s meas-
urement. Cloud points were determined from the heating 
run, using the onset temperature of the transmission decay. 
Polymer solutions in mixed solvents (water + co-solvent) 

Table 1   Reaction conditions 
and conversions of the radical 
solution polymerizations of 
NVIBAm (30 wt% monomer 
in benzene), and key polymer 
parameters of the polymers 
obtained

a Molar ratio of monomer:initiator
b The number average molar mass by size exclusion chromatography (SEC), eluent 0.5 wt% LiBr in NMP, 
and calibration by narrowly distributed poly(methyl methacrylate) standards
c Dispersity index
d Yield is given in lieu of conversion
e Ten equivalents of RAFT chain transfer agent CTA-X added compared to the amount of initiator

Entry Sample Initiator Temp. (°C) Duration (h) M:I a Conv. (%) Mn
SEC b 

(kg mol−1)
ÐSEC c

1 pNVIBAM377 AIBN 65 5 600:1 80 43 2.1
2 pNVIBAM303 AIBN 65 3.5 600:1 62 34 2.0
3 pNVIBAM1069 MAIB 66 1.75 800:1 78d 121 2.9
4 pNVIBAM340 MAIB 66 5.3 850:1 56 39 1.9
5 pNVIBAM287 MAIB 66 4 850:1 42 32 1.8
6 pNVIBAM81 AIBN 65 16 2710:1 e 10 9.3 1.6
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were prepared by first dissolving the polymer with the tar-
get concentration in water as well as in the pure co-solvent 
and subsequently combining the desired proportions of the 
polymer solutions in water and the co-solvent, respectively.

Fourier transform infrared spectroscopy (FTIR) spectra 
of powders were recorded using a Nicolet Avatar 370 FT-IR 
spectrometer equipped with an ATR Smart Performer ele-
ment and AMTIR crystal.

Elemental analysis (EA) used a FlashEA 1112 CHNS/O 
Automatic Elemental Analyzer with a MAa2O6R autosampler 
(Thermo Scientific).

Thermogravimetric analysis (TGA) was conducted using 
a Mettler Toledo TGA/SDTA851e apparatus, under N2 
atmosphere (20 mL min−1) in the temperature range from 
25 to 900 °C, with a heating rate of 10 K min−1. Differential 
scanning calorimetry (DSC) analyses were performed with 

Table 2   Reaction conditions and conversions achieved of the radical polymerization of NIPMAm in various solvents and with different azo ini-
tiators (monomer concentration 30 wt% if not stated otherwise), and key polymer parameters of the polymers obtained

a Molar ratio of monomer:initiator
b The number average molar mass by size exclusion chromatography (SEC), eluent 0.5 wt% LiBr in NMP, and calibration by narrowly distributed 
poly(methyl methacrylate) standards
c Dispersity index
d Monomer concentration 16 wt%
e Yield is given in lieu of conversion
f Data taken from ref. [69]
g Data taken from ref. [101]
h Monomer concentration of 20 wt%
i Monomer concentration of 25 wt%
j Monomer concentration of 34 wt%

Entry Sample Initiator Solvent [M]:[I]a Temp. (°C) Duration (h) Conv. (%) Mn
SEC b (kg 

mol−1)
ÐSEC c

7 pNIPMAm51 AIBN THFd 167:1 60 23 51e 7 1.7
8f pNIPMAm133 AIBN THFd 200:1 60 18 59e 17 1.8
9g pNIPMAm91 AIBN THFh 200:1 60 22 53e 11 2.0
10 pNIPMAm492 AIBN Benzene 360:1 65 18 93 63 2.6
11 pNIPMAm264 AIBN Benzenei 610:1 65 24 57 34 2.1
12 pNIPMAm301 AIBN Benzenei 610:1 65 24 65 38 2.1
13 pNIPMAm305 AIBN Benzenei 610:1 65 24 60 39 2.0
14 pNIPMAm295 AIBN Benzenei 610:1 65 24 74 37 2.2
15 pNIPMAm339 AIBN Benzenei 610:1 65 24 72 43 2.1
16 pNIPMAm445 AIBN Benzenei 1200:1 65 18 46 57 2.1
17 pNIPMAm390 AIBN Benzene 1200:1 65 18.5 26 50 1.9
18 pNIPMAm393 AIBN Benzene 1200:1 65 18 63 50 2.8
19 pNIPMAm776 AIBN Benzene 1200:1 65 18 89 99 2.8
20 pNIPMAm956 AIBN Benzene 1200:1 65 18 96 122 3.0
21 pNIPMAm469 AIBN Benzenej 1200:1 72 18 79 60 2.6
22 pNIPMAm424 AIBN Benzenej 1200:1 72 18.5 41 54 2.1
23 pNIPMAm426 MAIB Benzenei 1200:1 66 18 51 54 2.5
24 pNIPMAm936 MAIB Benzene 1630:1 66 18.5 54 119 2.7
25 pNIPMAm241 AIBN TFEh 1200:1 65 18.5 89 31 2.8
26 pNIPMAm810 AIBAH TFEh 1200:1 56 17 66 103 1.8
27 pNIPMAm895 AIBAH TFE 1200:1 56 18 85 114 2.0
28 pNIPMAm1154 AIBAH TFE 1200:1 56 18 52 147 2.0
29 pNIPMAm201 AIBAH TFE 1200:1 56 18.5 91 26 2.3
30 pNIPMAm689 AMODMV Ethanol 1200: 1 30 18 63 88 1.8
31 pNIPMAm219 AMODMV Ethanol 1200:1 30 18 31 28 3.2
32 pNIPMAm682 AMODMV Ethanol 1210:1 30 18 35 87 2.0
33 pNIPMAm381 AMODMV Ethanol 1200:1 30 18 21 48 2.0
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a Mettler Toledo DSC822e device, under N2 atmosphere 
(20 mL min−1) at temperatures ranging from 0 to 230 °C in 
four subsequent heating–cooling cycles. Heating and cooling 
rates were 10 K min−1 during the first and second cycles and 
30 K min−1 during the third and fourth cycles. Glass tran-
sition temperatures were derived from the second heating 
curve, at the mid-point (half height) of the transition step.

Results and discussion

Polymer synthesis and characterization

The polymer pNVIBAm can be obtained by conventional 
radical polymerization of its monomer NVIBAm in solu-
tion [56, 63, 83] using azo initiators. Still, the originally 
reported synthesis of the monomer is cumbersome, imply-
ing a pyrolysis step [83]. Therefore, pNVIBAm was pre-
pared alternatively by post-polymerization modification 
via a complex three-step sequence. Polymerizing the com-
mercially available monomers N-vinyl formamide and 
N-vinylacetamide first, the amide moieties of the precursor 
polymer obtained were subsequently hydrolyzed to produce 
poly(vinylamine) as intermediate, which finally was con-
verted to pNVIBAm by reforming the amide moieties with 
isobutyric acid [84, 85]. As inherently, this pathway may 
suffer from incomplete functionalization or side reactions, 
the exact structure of such pNVIBAm samples can deviate 
from the ideal structure, and therefore, the accuracy of the 
determined phase transition temperatures (of about 41 °C) 
can be questioned. The situation improved considerably with 
the much simpler synthesis procedure for monomer NVI-
BAm reported recently [81], which was adapted by us (see 
the Supplementary Information). In analogy to early reports 
[83], we employed benzene as solvent for the polymeriza-
tions that is highly inert against radical attack. As vinyla-
mides belong to the group of “less activated monomers” 
[86], the propagating radicals of their polymers are less 
stabilized and thus, much more reactive and prone to side 
reactions (such as chain transfer to the solvent), which we 
wanted to minimize. Also, we tested the use of two differ-
ent azo initiators, namely AIBN and MAIB (Fig. 2), which 
feature a very similar thermal decomposition profile, but 
showed remarkably different initiation efficiencies for the 
polymerization of monomers that are difficult to polymer-
ize [87–89]. Moreover, NVIBAm was polymerized in the 
presence of chain transfer agent S-cyanomethyl N-methyl-
N-phenyl-carbamodithioate (CTA-X), which was reported to 
efficiently control the radical addition fragmentation chain 
transfer polymerization (RAFT) of “less activated mono-
mers” such as vinylamides [90], to prepare a pNVIBAm 
sample of low molar mass. Table 1 summarizes key reac-
tion conditions and parameters of the polymers produced.

The data compiled in Table 1 are not surprising. The con-
ventional radical polymerization of NVIBAM is rather fast 
(but considerably slowed down in the case of the RAFT 
process; see entry 6), gives reasonable yields, and delivers 
a certain spread of polymer molar masses in the range of 
30 to 120 kg mol−1 for the number average (Mn). The rather 
moderate values of the dispersity (Ð) for a conventional free 
radical polymerization up to high conversions are explained 
by the purification of the polymers by dialysis and/or pre-
cipitation, thus cutting off the low molar mass fraction. The 
use of either AIBN or MAIB as an initiator did not result in 
significant differences.

As only very few molecular analytical data on pNVIBAm 
have been published [58], exemplary 1H and 13C NMR spec-
tra are shown in Fig. 3 (see also Supplementary Information 
Figs. S4–S8). Presumably, the complex form of the broad 
signal between 1.4 and 1.9 ppm (Fig. 3a, signal a), which 
is characteristic for the methylene protons on the backbone, 
is due to the polymer’s tacticity. Analogously, tacticity 
effects may also explain the width and complexity of the 
corresponding signal between 37 and 42 ppm in the 13C 
spectrum, which required extended sampling to be distin-
guishable from the background noise (Fig. 3b; see also Sup-
plementary Information Fig. S6). Though the effects are less 
pronounced in the spectra, the same consideration applies 
to the complex form of the signal between 2.3 and 2.6 ppm 
in the 1H spectrum (Fig. 3a, signal d) that is characteristic 
for the methine proton of the isobutyramide moiety of the 
side chain. Also in this case, the corresponding signal group 
between 35 and 35.5 ppm in the 13C spectrum consists of at 
least two only partially resolved signals (see Supplementary 
Information Fig. S5). Furthermore, the broadened signal b 
around 3.8 ppm of the backbone methine groups and signal e 
around 1.1 ppm of the methyl groups being part of the isobu-
tyramide moiety in the side chain in the 1H spectrum have 
complex signal counterparts in the 13C spectrum (see Sup-
plementary Information Figs. S4 and S7). Moreover, signal c 
around 180 ppm of the carbonyl group shows a complex fine 

Fig. 2   Chemical structure of the azo initiators employed in the polym-
erization of NVIBAm and NIPMAM, and of the chain transfer agent 
S-cyanomethyl N-methyl-N-phenylcarbamodithioate (CTA-X)
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structure at a closer look (see Supplementary Information 
Fig. S8). All these observations support the view that ste-
reochemical effects in the backbone are responsible for the 
complex spectral details. However, to our knowledge, litera-
ture reports elucidating the influence of the tacticity on the 

form of the 1H spectra of pNVIBAm are missing yet. Hence, 
we could not attribute the stereochemistry of the pNVIBAm 
samples from the simple analysis of the 1H NMR spectra. 
Nevertheless, their very similar forms indicate that all the 
samples have virtually the same stereochemistry. Thus, any 
possible differences of the phase transition temperature in 
aqueous media (vide infra) cannot be explained by differing 
tacticities of the polymer samples.

Thermal analysis by thermogravimetry and DSC revealed 
that pNVIBAm becomes instable above 300 °C (Fig. 4), 
but there is no indication for a catastrophic decomposi-
tion at 200 °C (which is difficult to rationalize, considering 
the polymer’s chemical structure lacking thermally labile 
groups) as was reported before [91]. The gradual, limited 
mass loss occurring largely in the range up to 120 °C results 
from the evaporation of water bound due to the polymer’s 
marked hygroscopy. After removing the water during the 
first heating cycle, DSC shows a stable glass transition at 
about 152 °C (Figs. 4b and S12), considerably higher than 
the value of 133 °C reported in the aforementioned study 
[91]. Interestingly, the value of 152 °C is higher than that of 
its “structural isomer” atactic pNIPAm of about 130–140 °C 

Fig. 3   Exemplary NMR spectra of pNVIBAm in D2O: a) 1H spectrum  
(400 MHz); b) 13C spectrum (151 MHz); c) 1H–13C heteronuclear sin-
gle-quantum correlation (HSQC) spectra

Fig. 4   TGA (top) and DSC (bottom, second heating cycle) thermo-
grams of homopolymer pNVIBAm377 (heating rates 10 K min−1)
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[46, 92–94], suggesting that the interaction between the 
polymer chains is somewhat stronger in the case of atactic 
pNVIBAm.

In contrast to NVIBAm, the methacrylamide NIPMAm 
belongs to the group of “more activated monomers,” and 
thus, its radical polymerization is expected to be less sensi-
tive to side reactions than the one of the vinylamide NVI-
BAm. Still, a survey of the (surprisingly limited) previous 
reports on the conventional radical polymerization of NIP-
MAm reveals that mostly, polymers with low molar masses, 
i.e., well below 50 × 103 Da, have been produced [28, 64, 65, 
74, 95–100]. This includes our previous reported syntheses 
of pNIPMAm by conventional radical polymerization in 
THF [69, 101]. In line with these observations, the molar 
mass of statistical copolymers of NIPAm and NIPMAm 
drastically decreases with increasing NIPMAm content in 
the polymerization system [66]. Higher molar masses were 
typically reported only for aqueous polymerizations using 
peroxide initiators [70, 102]. Such conditions, however, 
favor chain transfer to the polymer and cross-linking side 
reactions via the methine moiety in the side chain that is 
particularly vulnerable to radical attack, as exploited in the 
synthesis of microgels from NIPAm and NIPMAm [103].

In order to obtain a set of pNIPMAm samples covering 
also the high molar mass range (> 105 Da), we varied largely 
the polymerization conditions with respect to the reaction 
solvent, monomer concentration, and concentration and type 
of initiator (cf. Figure 2). The reaction temperatures were 
chosen such that the half-life times of the respective initia-
tors used were in the order of 10 h (Table 2).

Compared to the polymerization of NVIBAm, the polym-
erization of NIPMAm was much more sluggish. Also, we 
noted that the outcome of the polymerizations with respect 
to conversion/yield and molar mass obtained was difficult 
to reproduce, and results varied substantially, in particular 
when aiming at high molar masses by engaging only minute 
amounts of initiator. Still, there is a clear trend that high 
molar masses require rather high monomer concentrations 
(≥ 30 wt%) and low initiator concentrations (≤ 0.1 mol% 
relative to monomer), rendering these reactions highly sensi-
tive to the presence of trace impurities. Also, it appears that 
the use of solvent benzene or trifluoroethanol (TFE), which 
are highly inert to the attack by carbon-centered radicals, 
favors high molar masses. None of these specific findings 
seems surprising, whereas the general troublesomeness to 
obtain elevated molar masses for pNIPMAm is. Possibly, 
this behavior is due to a slow propagation rate, rendering 
the homopolymerization vulnerable against side reactions. 
A clarification of this hypothesis by detailed kinetic studies 
seems interesting, but was beyond the scope of our study. 
In any case, we produced a large set of pNIPMAm sam-
ples in this way with molar masses (Mn) between 7 and 
150 × 103 Da.

The 1H NMR spectra of the various pNIPMAm samples 
synthesized looked very similar (Fig. 5a), corresponding 
closely to the ones in the literature of samples also prepared 
by conventional radical polymerization in solution [66, 79]. 
Unfortunately, the complex signal group of the protons of the 

Fig. 5   Exemplary NMR spectra of pNIPMAm in D2O: a) 1H spectrum 
(500 MHz); b) 13C spectrum (126 MHz); c) 1H–13C heteronuclear single- 
quantum correlation (HSQC) spectra
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methyl moieties between about 0.85 and 1.3 ppm, which is  
directly attached to the polymer backbone and sensitive to the 
polymer’s tacticity [95, 104], and the intense signal group of 
the methyl protons of the isopropyl moiety are superposed. 
As the different signals could not be resolved, the 1H  
NMR spectra do not enable the absolute quantification of 
the relative frequency of the mm, mr, and rr triades, as had 
been done, e.g., for the analogue poly(N-methyl methacryla-
mide) [104]. Thus, precise tacticity attributions reported in 
the past were based on quantitative 13C NMR spectra [95, 
104], however, without disclosing any spectra or details. 
Still, the published 13C NMR spectra of poly(N-methyl 
methacrylamide) of varying stereochemistry presumably 
provide a good guideline to diade and triade configurational 
attributions [105], as the high-resolution 13C NMR spectra  
of pNIPMAm exhibit various details (Fig. 5b, see also Sup-
plementary Information Figs. S9–S11) in particular when 
recording 1H–13C correlation spectra (Fig. 5c). Accord-
ingly, the signals of the backbone attached methyl group 
at 16.7 ppm and 17.9 ppm probably belong to the rr and mr 
triades, respectively. Analogously, the signals of the car-
bonyl group at 178.0 ppm and 178.2 ppm may be assigned 
to the rr and mr triades, respectively, while the signals of the 
methylene group in the backbone at 51.9 ppm and 54.5 ppm 
probably reflect the m and the r diades, respectively.

Also in the 1H spectra of the samples (Fig. 5a), the pro-
nounced shoulder at 0.85–1.05 ppm with a secondary maxi-
mum at about 0.95 ppm is indicative of the predominance 
of rr triades, i.e., of syndiotactic diades in all polymers, 
in agreement with the correlation peaks visible in Fig. 5c. 
These deductions concur with the findings on the NMR 
model compound poly(N-methyl methacrylamide), for which 
the samples that were polymerized under comparable con-
ditions (20 wt% in methanol solution at 60 °C, initiated by 
AIBN) were also atactic with the dominating syndiotactic 
triades [104].

Even without being able to derive precise values for the 
different configurations, the very similar forms of the spec-
tra indicate that the tacticities of all our samples are about 
the same, independent of the reaction temperatures and sol-
vents employed. Importantly, this implies that any possible 
differences of the phase transition temperature in aqueous 
media (vide infra) cannot be explained by different tacticities 
of the pNIPMAm samples compared.

Similarly as found for NVIBAm, analysis by TGA and 
by DSC (see Supplementary Information Fig. S13) revealed 
that pNIPMAm becomes instable above 275 °C, also show-
ing some gradual, limited mass loss largely in the range up to 
120 °C characteristic for the loss of bound water due to the 
polymer’s hygroscopy. After removing the water by anneal-
ing, DSC shows a glass transition at about 172 °C (see Sup-
plementary Information Fig. S12), corroborating previous 
studies of atactic pNIPMAm samples [91, 106].

Thermal behavior of aqueous solutions

The thermoresponsive behavior of dilute and semi-dilute 
aqueous solutions of pNVIBAm and pNIPMAm was 
screened by turbidimetry in the concentration range up to 
50 g L−1, and in the temperature range between 14 and 60 °C 
(Figs. 6, 7, 8, 9, and 10).

Typical transmittance curves of solutions of pNVIBAm 
in dependence on temperature are exemplified for the high 
molar mass sample NVIBAm1069 in Fig. 6a. Upon heating, 
the polymers feature a sharp clouding transition at about 
39 °C, whereas the cloud point shows a continuous small but 
significant decrease with increasing concentration up to at 
least 50 g L−1 even for the highest molar masses studied of 
about 120 kg mol−1 (Fig. 6b; see also Supplementary Infor-
mation Figs. S14 and S15). This behavior contrasts with the 
concentration effects on polymers with typical LCST type I 
behavior such as poly(N-vinylcaprolactam) [107], poly(N,N-
diethylacrylamide [108], poly(methoxyethoxyethyl acrylate) 
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Fig. 6   Behavior of pNVIBAm1069 in pure aqueous solution: a) 
Temperature and concentration dependence of the transmittance 
(λ = 500 nm, heating rate 0.5 K min−1); b) Concentration dependence 
of the cloud point. Precision ± 0.2  °C, accuracy ± 1  °C. The dashed 
line is meant as a guide to the eye
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[109], or poly(N,N-bis(2-methoxyethyl)acrylamide) [110], 
for which the minimum of the cloud point continuously 
shifts to lower concentration with increasing molar mass, 
thus approaching finally the value of 0 at infinitely high 
molar masses.

Moreover, for a given concentration, the cloud point 
temperature (TCP) seems not to vary significantly within the 
accuracy of the measurements for different molar masses 
when a value of 20 kg mol−1 is exceeded (Fig. 7). All these 
findings are in agreement with an LCST behavior of type 
II, corroborating a previous report on pNVIBAm-based 
hydrogels [56]. Also, no significant difference was found 
for polymer samples which were prepared using the different 
initiators (AIBN or MAIB or RAFT agent), thus resulting in 
end groups of somewhat differing polarities/hydrophilicities.

The thermoresponsive behavior of dilute and semi-dilute 
aqueous solutions of pNIPMAm is exemplified in Figs. 8, 9, 
and 10. It shows many similarities to the behavior of pNVI-
BAm. Nevertheless, it should be kept in mind that the solu-
bility–insolubility phase transition of pNIPMAm in aqueous 
solution features some particularities compared to the classi-
cal case of, e.g., pNIPAm [76]. The transition temperatures 
of pNIPMAm determined by different methods may deviate 
significantly, e.g., when studied by turbidimetry or by calo-
rimetry, where TCP is systematically lower than calorimetric 
transition temperature (TDSC) [69]. Also, the clouding transi-
tion is prone to a more marked hysteresis between the heat-
ing (resulting in clouding) and cooling (resulting in clearing) 
runs [69, 76], but this seems also true for pNVIBAm. The 
hysteresis behavior is illustrated for the high molar mass 
samples pNVIBAM1069 and pNIPMAm956 in Fig. 8. Fur-
ther, pNIPMAm tends to sediment/precipitate rapidly once 
heated above the cloud point (cf. the apparent increase in 
transmittance upon continuous heating in Fig. 9 that results 

from colloid sedimentation), whereas colloids of collapsed 
pNVIBAm above the cloud point tend to stay dispersed for 
much longer periods, forming so-called mesoglobules, as 
they are well-established in the case of pNIPAm [4].

As the majority of the reports on the thermal behavior 
of pNIPMAm have focused on turbidimetric studies of the 
clouding upon heating, we also confined our screening of 
the thermal behavior of pNIPMAm solutions to the clouding 
transition by turbidimetry (Figs. 9 and 10). Figure 9a dis-
plays typical transmittance curves in dependence on the tem-
perature for the high molar mass sample pNIPMAm956. The 
polymers feature a sharp clouding transition upon heating at 
about 44 °C, which exhibits a continuous small but signifi-
cant decrease with increasing concentration of up to at least 
50 g L−1 even for the highest molar masses studied (Fig. 9b, 
see also Supplementary Information Figs. S14 and S16).
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Fig. 7   Effect of molar mass and end groups on cloud point of pNVI-
BAm (10  g  L−1 in water, λ = 500  nm), using the initiators MAIB 
(white circle) and AIBN (white triangle), or, additionally, the chain 
transfer agent CTA-X (X)
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solutions (10  g  L−1): a) pNVIBAm1069; b) pNIPMAm956 in heat-
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Furthermore, for a given concentration, the cloud point 
does not vary significantly within the accuracy of the meas-
urements for different molar masses, at the least when a 
value of 20 kg mol−1 is exceeded (Fig. 10), and takes a value 
of about 44.5 °C, with the notable exception of the samples 
prepared with the initiator AMODMV/V70. The latter group 
shows also a cloud point independent of the molar mass, but 
at about 41 °C, i.e., 3–4 °C lower than for the other pNIP-
MAm samples.

One possible reason for this difference could be that the 
lower polymerization temperature of these samples and/or 
that the choice of ethanol as reaction medium changes the 
stereochemistry of pNIPMAm and induces, for instance, 
a higher degree of isotactic triades [95]. However, such 
an explanation is not compatible with the close similarity 
of all NMR spectra of the various pNIPMAm made (see 
above). It would be also difficult to reconcile with the 
reports that notable differences in the stereochemistry for 
poly(meth)acrylamides such as pNIPAm or poly(N-methyl 

methacrylamide) produced by radical polymerization are 
only obtained, if conducted at considerably lower tempera-
tures than employed in our study and in highly fluorinated 
solvents [105, 111], or when complexing agents are specifi-
cally added [95, 104]. This is not the case here. Therefore, 
in analogy to previous reports on the lowering of the cloud 
point of pNIPMAm when attaching hydrophobic end groups 
of intermediate size [68], we putatively attribute the rela-
tively low cloud points to the end groups derived from the 
initiator fragments. These are considerably more hydropho-
bic in the case of initiator AMODMV than in the case of 
initiators AIBN, MAIB, and AIBAH (cf. Figure 2). Anyhow, 
as observed for pNVIBAm, all findings support the view that 
also pNIPMAm exhibits LCST behavior of type II.

Co‑nonsolvency behavior in mixtures of water 
and organic solvents

The co-nonsolvency of pNIPAM in mixed aqueous solutions  
is well established, with the focus on the solvent system 
water–methanol [50, 112–120]. Occasionally, co-nonsolvency  
behavior was also reported for other organic co-solvents. 
Presumably, the broadest study of co-nonsolvency in  
various co-solvents is that by Costa and Freitas [121], where 
co-nonsolvency of pNIPAM with the co-solvents methanol, 
ethanol, isopropyl alcohol, n-propanol, acetone, DMSO,  
and DMF was compared. Further, acetonitrile, glycerol,  
oligoethyleneglycols, THF, and 1,4-dioxane were reported to 
show co-nonsolvency for pNIPAM [22, 122, 123]. Still, the 
reasons for the occurrence of co-nonsolvency are not clear yet, 
including a debate whether or not co-nonsolvency is a generic  
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Fig. 10   Effect of molar mass and end groups on the cloud point of 
pNIPMAm (10  g  L−1 in water, λ = 500  nm), using the initiators 
MAIB in benzene (white circle), AIBN in benzene (white triangle), 
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in ethanol (filled diamond) or using a chain transfer agent bearing a 
hydrophobic dye (X, data taken from ref. [68])
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phenomenon, which does not depend on the specific  
interactions between the components of the system [124,  
125]. Importantly, two contrasting patterns of co-nonsolvency 
have been reported for pNIPAm [121]. In the first pattern, 
the LCST transition passes through a minimum value with 
an increasing fraction of co-solvent. This is the case for the 
co-solvents methanol, acetone, THF, and dioxane. In the 
second pattern, the LCST transition decreases continuously 
until it falls below the melting point of the solvent mixtures,  
but does not recover for high fractions of co-solvent. Instead, 
the increasing fraction of co-solvent causes the UCST  
transition to decline steeply, until solubility is regained for 
a given temperature [126]. The latter scenario seems to be 
the more frequent one [121], applying to most other alcohols 
studied as well as to DMF and DMSO as co-solvent. However, 
many studies that have dealt with the swelling of gels in mixed 
aqueous media could not distinguish these two scenarios, e.g., 
when just following the reentrant swelling effect at a constant 
temperature as frequently done. In view of these observations,  
we screened the possible co-nonsolvency behavior in  
mixed aqueous solutions for a variety of co-solvents up to  
a molar fraction of 0.3 for pNIPMAm and pNVIBAm and  
compared their behaviors to that of their analogue pNIPAM  
using data from the literature (Figs. 11, 12, and 13), within 
the temperature window of 14 to 60 °C accessible by our 
experimental set-up.

Figure 11 illustrates the effect of lower alcohols as co- 
solvents, namely of methanol, ethanol, iso-propanol,  
and n-propanol, on the cloud points of pNVIBAm (Fig. 11a) 
and pNIPMAm (Fig. 11b) in comparison to pNIPAm. All 
three polymers show qualitatively a similar behavior in the 
particular water–alcohol mixtures, and for a specific con-
centration and mixture, the transition temperatures always 
decrease in the order pNIPMAm > pNVIBAm > pNIPAm. 
Throughout, the extent of the co-nonsolvency effect, i.e., 
the magnitude of the decrease of TCP, increases with the 
decrease of the alcohol’s polarity. Methanol produces the 
mildest effects, while n-propanol provokes the strongest  
ones. In the case of methanol, a minimum for TCP is attained 
at about 30 mol% of co-solvent in water, beyond which the 
coexistence line increases rather steeply and the solubility 
window re-opens (scenario 1). Looking in more detail, the 
reduction of TCP is considerably more prominent for pNI-
PAm than for pNVIBAm and pNIPMAm, which show com-
parable strengths of the effect. We also note that the amount 
of methanol in the mixtures, at which the cloud point is min-
imum, decreases from about 35 mol% for pNIPAm via about 
31 mol% for pNVIBAm to about 29 mol% for pNIPMAm. 
For ethanol, iso-propanol, and n-propanol, no increase  
of TCP could be observed at intermediate alcohol contents 
in the concentration and temperature window studied, sug-
gesting a behavior according to pattern 2 (change from 
LCST to UCST transition). In any case, all three polymers 

become soluble at room temperature in alcohol-rich aque-
ous solutions.

Figure 12 illustrates the effect of aprotic polar co-solvents, 
namely DMF, DMSO, and acetone, on the cloud points of 
pNIPMAm and pNVIBAm. Acetone imparts on both pNIP-
MAm and pNVIBAm a similar behavior as methanol does, 
following co-nonsolvency pattern 1, albeit with a more pro-
nounced effect on TCP (shift to lower temperatures). For 
pNVIBAm, DMSO and DMF have a similar impact on the 
transition temperatures as what was reported for pNIPAm 
(Fig. 12a). DMSO shows little impact when present in low 
fractions but causes TCP to drop more strongly as the fraction 
of co-solvent increases. The effect of DMF looks similar at 
a first view. However, low fractions of the co-solvent induce 
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Fig. 11   Co-nonsolvency in mixtures of water and lower alcohols  
(methanol (MeOH, blue), ethanol (EtOH, red), iso-propanol (i-PrOH, 
green), and n-propanol (PrOH, black): a) of  pNVIBAm (full sym-
bols:  blue, red, green, and  black triangles); b) of pNIPMAm (full 
symbols:  blue, red, green, and black circles), followed by the cloud 
point (λ = 500  nm, heating rate 0.5  K  min−1). The dashed curves 
are meant as a guide to the eye. For comparison, the corresponding 
solutions of pNIPAm are shown (open symbols:  blue, red, green, 
and black upside-down triangles) with data from reference [121]. The 
horizontal broken black line indicates the lower temperature limit of 
the experimental set-up used
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a slight increase of TCP, up to a molar fraction of about 0.07, 
corroborating previous observations [22, 121], above which 
TCP starts to fall continuously. The behavior of pNIPMAm in 
aqueous mixtures with DMSO and DMF, however, shows par-
ticularities. Most prominently, the addition of DMF makes TCP 
to rise continuously with no sign of co-nonsolvency behavior. 
The addition of DMSO results in a complicated behavior. Ini-
tially, it results in a slight increase of the transition tempera-
ture of pNIPMAm up to a molar fraction of ca. 0.025, only 
beyond which TCP decreases in the typical co-nonsolvency 
fashion. Interestingly, while Costa and Freitas [121] did not 
report a similar effect, Yamauchi and Maeda [127] observed 
an analogous behavior for pNIPAm with a small maximum 
of TCP at a comparably small molar fraction of DMSO before 
inducing co-nonsolvency at higher fractions.

The effect of adding the cyclic ethers THF and dioxane on 
the cloud points of pNIPMAm and pNVIBAm is illustrated 
in Fig. 13. For both pNIPAm and pNVIBAm, already small 
THF contents in water cause a very sharp drop of the transi-
tion temperature (Fig. 13a). For pNIPMAm, a first small, 
and then increasingly marked increase of TCP is observed 
when the molar fraction of THF exceeds 0.1 (Fig. 13b). The 
analogous behavior was observed for pNVIBAm, though the 
lowest transition temperatures were outside of the measuring 
range of our experimental setup.

Finally, co-nonsolvency of pNIPMAm and pNVIBAm 
in water–dioxane mixtures was evaluated, for which only 
weak co-nonsolvency behavior has been reported for pNI-
PAm [122, 128]. For both pNVIBAm and pNIPMAm, an 
even weaker, nearly plateau-like effect of lowering TCP is 
observed in mixtures with dioxane molar fractions below 0.1 
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Fig. 12   Co-nonsolvency in mixtures of water and dipolar aprotic  
solvents (DMSO (cyan), DMF (brown), and acetone (magenta)): a) 
of pNVIBAm (full symbols: cyan, brown, and magenta triangles); b) 
of pNIPMAm (full symbols: cyan, brown, and magenta circles), fol-
lowed by the cloud point (λ = 500 nm, heating rate 0.5 K min−1). The 
dashed curves are meant as a guide to the eye. For comparison, the 
corresponding solutions of pNIPAm are shown (open symbols: cyan, 
brown, and magenta upside-down triangles) with data from reference 
[121]. The horizontal broken black line indicates the lower tempera-
ture limit of the experimental set-up used
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Fig. 13   Co-nonsolvency in mixtures of water and dipolar aprotic sol-
vents (THF (blue) and dioxane (black)): a) of pNVIBAm (full sym-
bols: black and blue triangles); b) of pNIPMAm (full symbols: black  
and  blue circles), followed by the cloud point (λ = 500  nm, heating 
rate 0.5 K min−1). The dashed curves are meant as a guide to the eye. 
For reference, the corresponding solutions of pNIPAm are shown 
(open symbols:  black  and  blue upside-down triangles) using data 
from reference [122]. The horizontal broken black line indicates the 
lower temperature limit of the experimental set-up used
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(Fig. 13). The effect is small for pNIPMAm (for which TCP 
is reduced by about 2 °C at maximum at a molar fraction of 
0.08, Fig. 13b) and even marginal for pNVIBAm (for which 
TCP is reduced by 0.7 °C at maximum for a molar fraction of 
0.05, Fig. 13a), while TCP increases steeply for both polymers 
when the molar fraction of dioxane is further increased. This 
behavior may be interesting from a practical point of view 
when amphiphilic block copolymers combining thermore-
sponsive blocks of pNIPAm, PNVIBAm, or pNIPMAm and 
a hydrophobic block such as polystyrene are to be dispersed 
in water to form small micellar entities or nanoparticles, by 
continuously diluting a solution of the block copolymer in a 
nonselective, water-miscible solvent with water [129, 130]. 
With dioxane being a good solvent for many polymers, the 
homogeneous solutions of such block copolymers in diox-
ane can be continuously diluted at ambient temperature to 
make the hydrophobic block micro-phase separate without 
the interfering intermediate precipitation and aggregation  
of both the hydrophobic and the thermoresponsive  
hydrophilic blocks, as encountered for most fully water- 
miscible organic solvents.

Overall, the co-nonsolvency behaviors of pNIPMAm 
and pNVIBAm appear qualitatively comparable to that of 
pNIPAm, but are quantitatively less pronounced, with tran-
sition temperatures consistently following the trend of pNI-
PAm < pNVIBAm < pNIPMAm. Nevertheless, some dif-
ferences were identified. The most remarkable one seems 
that DMF does not cause co-nonsolvency for pNIPMAm 
(Fig. 12b), contrary to the marked co-nonsolvency effect 
encountered for both pNIPAM and pNVIBAm (Fig. 12a). 
Whereas the rather close similarities of the overall co-non-
solvency behaviors of the “isomeric” polymers pNIPAM and 
pNVIBAm are not self-evident but seem intuitively compre-
hensible, this is less obvious for the case of pNIPMAm. As 
already the interaction with water differs notably, resulting 
in a considerably higher LCST for pNIPMAm despite a for-
mally lower hydrophilic-lipophilic balance of the repeat unit 
(see “Introduction”), more differences in the co-nonsolvency 
behavior than the few observed might have been expected. As, 
however, our understanding of the co-nonsolvency phenom-
enon is quite limited (and disputed) yet, a convincing explana-
tion has to be awaited for.

Conclusions

Both analogues of poly(N-isopropyl acrylamide) (pNIPAm),  
namely poly(N-vinyl isobutyramide) (pNVIBAm) and 
poly(N-isopropyl methacrylamide) (pNIPMAm), feature 
an upper miscibility gap in aqueous solution, for which the 
phase transition temperatures hardly evolve above molar  

masses of 20 kg mol−1. As, furthermore, the phase transition 
temperatures decrease still gradually with increasing polymer  
concentration up to a concentration of at least 50 g  L−1  
even for high molar masses, both polymers seem to feature 
the unusual LCST type II behavior that is characteristic 
for pNIPAm [26]. Overall, differences in the properties 
compared to pNIPAm seem somewhat more pronounced 
for pNIPMAm than for pNVIBAm. For a given polymer 
concentration, phase transition temperatures increase in the 
order pNIPAm < pNVIBAm < pNIPMAm, which cannot be 
intuitively rationalized simply by the relative hydrophilicities 
of the repeat units chemical structures. As known for 
pNIPAm, both pNVIBAm and pNIPMAm exhibit marked 
co-nonsolvency behavior with a large group of water-miscible 
organic solvents, including lower alcohols, as well as aprotic 
solvents of different polarities such as dimethylsulfoxide 
(DMSO), acetone, and tetrahydrofuran (THF). Both 
pNVIBAm and pNIPMAm show also co-nonsolvency in 
mixtures of water and dioxane, but the effects are marginal, 
even weaker than known for pNIPAm. Throughout, the 
co-nonsolvency behavior becomes less pronounced in the 
order pNIPAm > pNVIBAm > pNIPMAm. Exceptionally, 
pNIPMAm does not feature co-nonsolvency in mixtures 
of water and N,N-dimethylformamide (DMF). In contrast, 
pNVIBAm shows weak co-solvency at low, but marked 
co-nonsolvency at intermediate fractions of DMF in the 
mixtures, as reported for pNIPAm. In mixtures containing 
DMSO, co-nonsolvency behavior was observed for pNVIBAm 
for all fractions of the co-solvent, while pNIPMAm shows 
weak co-solvency at low, but notable co-nonsolvency at 
intermediate fractions of DMSO. In the light of the current 
theories about the origin of co-nonsolvency [48, 50, 131, 132],  
these observations are difficult to explain and might trigger 
further investigations and atomistic simulations. In any case, 
the many similarities of their thermoresponsive behaviors to the 
one of pNIPAm, together with the difference in the transition 
temperatures, render pNVIBAm and pNIPMAm interesting 
complements to pNIPAm as building blocks for smart polymers.
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