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environment.[4–6] Stochastic mass trans-
port measurements of water in polymers, 
microgels, gels, proteins, proton-exchange 
membranes, porous materials, and brain 
by noninvasive nuclear magnetic reso-
nance (NMR) methods proved to be an 
accurate technique for evaluation of dif-
fusivity tensor D as well as its depend-
ence of the surrounding morphology and 
architecture.[1–11]

Dynamic light scattering (DLS) tech-
nique gives access to the diffusion coeffi-
cients of polymers and microparticles with 
low concentration into solvent. The decay 
of electrical field autocorrelation function 
can be analyzed by the sum of two expo-
nential decays that depend on translation 
and rotation diffusion coefficients of cen-
trosymetric particles.[12,13] Fluorescence 
correlation spectroscopy uses fluoro-
phores attached to the diffusing molecule, 
macromolecules, or proteins possessing 
a large temporal linear dynamic range 
allowing single-molecule sensitivity.[14,15] 

A noninvasive method is represented by NMR diffusometry 
applied to the polymers and proteins in solutions that are sensi-
tive to the molecular weight,[16–21] shape of the molecules,[21,22] 
fractal dimension,[16–21] and the aggregation state, as discussed 
in ref. [3], and references therein. A power law describes the 
dependence of the isotropic diffusivity D upon the molecular 
weight Mn for as given homogeneous family of molecules,  
i.e., D M d1/( )n

1/ F∝ , where dF is the fractal dimension.[21] This 
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The self-diffusion of various nano-objects investigated by high-resolution 
nuclear magnetic resonance diffusometry proves to be an efficient method for 
the characterization of dynamics, aggregation kinetic, and matrix morphology. 
This study investigates how the two-state model and Boltzmann function 
approach can be used for the evaluation of the thermodynamic parameters 
of temperature-induced phase transition encoded in polymer diffusivity. The 
characteristics of the phase transition given by the transition temperature, 
change of entropy, and width of transition are obtained for poly(N-isopropy-
lacrylamide) (PNIPAm) linear polymers with hydrophilic and hydrophobic 
end-group functionalization. The effect of end groups upon the polymer 
diffusivity is investigated as a function of molecular weight (Mn), from which 
fractal dimensions and hydrodynamic drag coefficients are obtained. The 
PNIPAm diffusivity is affected strongly by the end groups, and it is reflected in 
the hydrodynamic radius dependence upon molecular weight that obeys dif-
ferent power-law relations. In this study, the synthesis of α-ω-heterotelechelic 
PNIPAm of different molecular weights with a thiol end group and a hydro-
philic NIPAm-like as well as a hydrophobic benzyl end group are described by 
reversible addition–fragmentation chain-transfer polymerization.
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can be found under https://doi.org/10.1002/macp.201700587.

1. Introduction

Translational motion of molecules, nanoparticles, and pro-
teins in solutions plays a central role in modern science.[1–3] 
The correlation between diffusion and chemical and biological 
phenomena is of particular importance. This molecular pro-
cess not only reflects intrinsic properties of the diffusing 
species itself, but can also shed light on the surrounding 
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relationship was proved to be valid for small molecules and 
linear homopolymers but it is an approximation for polymer 
rods. Moreover, the dependence of the diffusivity on the mole-
cular weight and fractal dimension can be used for evaluating 
Mn for a given class of molecules.[21] Furthermore, we should 
note that such an investigation was not made for poly(N-isopro-
pylacrylamide) (hereafter, PNIPAm) with different end-group 
functionalization in aqueous solution.

Understanding polymer diffusivity in the presence of stimuli-
induced phase transition is of importance for design of drug 
delivery carriers and for controlled multidimensional assembly 
that can be achieved by functionalizing nanoparticles with 
polymer brushes. For the last purpose, gold nanorods (AuNRs) 
are such nanoparticles with unique electrical and optical prop-
erties having strong surface plasmon resonances in the visible 
range.[23] Furthermore, stimuli-responsive polymers tethered on 
the gold nanoparticles will open new possibilities for tempera-
ture-controlled nanoheater applications induced by near-infrared 
irradiation.[24–26] To this point, soft microrobots employing non-
equilibrium actuation via plasmonic heating were developed.[27]

Self-diffusion can be investigated chemically selective using 
high-resolution NMR diffusometry that differentiates between 
the stochastic mass transport of polymers and solvent.[1–3] The 
diffusivity was measured for swollen and collapsed states of 
PNIPAm microgels using the pulsed-field-gradient spin-echo 
NMR (PFGSE-NMR) method applied to the methyl side-chain 
NMR resonance but no thermodynamic parameters related 
to this process were reported.[28] Furthermore, concentration 
and temperature dependences of coil-to-globule transition of 
PNIPAm graft copolymers were investigated by polymer diffu-
sion studies.[29] The PFGSE-NMR method was used to measure 
diffusion coefficient of the star and linear PNIPAm as a func-
tion of temperature for different molecular weights.[30] Another 
microscopic indicative for volume phase transition was shown 
to be solvent diffusivity in aqueous dispersion of PNIPAm 
microgels.[31] Moreover, coil-to-globule collapse and intermo-
lecular aggregation of nonfunctionalized PNIPAm in aqueous 
solution upon exceeding the lower critical solution temperature 
(LCST) was investigated by NMR diffusometry under a temper-
ature-jump condition.[32]

Besides polymer and solvent diffusivity studies, an inde-
pendent access to phase-transition thermodynamic parameters 
is given by the measurement of changes in the polymer con-
formations reflected in 1H high-resolution magic-angle sample 
spinning (HRMAS) NMR spectroscopy edited by transverse 
magnetization relaxation (T2) via integral peak intensity. This 
approach was applied to investigate thermodynamic parameters 
in the process of temperature-induced phase transition and 
applied to the stimuli-responsive PNIPAm linear polymers and 
brushes onto AuNRs.[33,34] The dependences on the molecular 
weight and end-group functionalization were reported for the 
transition temperature, transition entropy, and width of tem-
perature-induced transition.[33,34] The molecular process behind 
this NMR method is related to the polymer side chains and 
segmental dynamics changes that occur in the hydrophilic-to-
hydrophobic transition, which affects transverse magnetization 
relaxation and, hence, the spectral line width.[33–36]

The aim of this study is to investigate with a two-state model 
the interplay between the temperature-induced phase transition 

of stimuli-responsive polymer brushes based on linear 
PNIPAm in aqueous solutions and its diffusivity. It is shown 
that thermodynamic quantities of the phase transition can be 
measured from the self-diffusing coefficients of the involved 
species. This study is focused on the dependences of PNIPAm’s 
apparent diffusivity upon temperature, molecular weight, and 
end-group functionalization. The fractal dimension, transition 
temperature, transition entropy, width of transition, and hydro-
dynamic radius were evaluated for PNIPAm linear polymers 
functionalized with a hydrophilic and a hydrophobic end group 
using 1H NMR diffusiometry and compared to the information 
obtained from DLS.

2. Experimental Section

2.1. Sample Preparation

The materials used for preparation of linear PNIPAm with 
different molecular weights and end-group functionalization 
in aqueous solution were reported in the previous publica-
tions.[33,34] The synthesis and characterization of polymer by 
size exclusion chromatograph (SEC), UV–vis spectrophotom-
etry (UV-Vis), transmission electron microscopy (TEM), gas 
liquid chromatography-mass spectrometry (GC-MS), differ-
ential scanning calorimetry (DSC), and NMR spectroscopy of 
hydrophobic end-group functionalized PNIPAm with benzyl 
and thiol (hereafter, Bn-PNIPAm-SH) were described before 
in details.[33] The same steps in synthesis were used for the 
preparation of hydrophilic PNIPAm end-group functionalized 
with an NIPAm-like and thiol end group (hereafter, NIPAm-
PNIPAm-SH).[34] Additional information is reported in the Sup-
porting Information.

2.2. Proton HRMAS NMR Spectroscopy

Proton HRMAS NMR spectral measurements were made 
on a wide bore AV700 Bruker NMR spectrometer operating 
at frequency of 700.2378 MHz, equipped with a cross-polari-
zation MAS probe with a 3.2 mm rotor. The rotor frequency 
was set at 5 kHz. The temperature was changed in the range 
from 10 to 70 °C and was maintained within ± 0.5 K using a 
Bruker temperature control unit. All the 1H HRMAS spectra 
were externally referenced to tetramethylsilane (TMS). For all 
measurements, the recycle delay was 7 s, the radio-frequency 
pulse length was 1.9 µs, while the dwell time was 10 µs, and the 
number of scans was 64. The time domain data were 4k and 
the zero filling was done with 16k.

2.3. Proton Pulsed-Field-Gradient-Stimulated Echo NMR 
Diffusometry

The apparent diffusivity D of linear PNIPAm end-group func-
tionalized with benzyl and NIPAm was measured using an 
AV700 Bruker NMR wide bore spectrometer with a Diff50 
Bruker unit and by pulsed-field-gradient stimulated echo 
(PFGSE) sequence of Stejskal and Tanner.[37] The experiment 
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is 2D, by recording the dependence of the NMR peak integral 
intensity upon the applied field gradient strength. The apparent 
diffusivity was obtained by fitting the normalized stimulated 
spin-echo decay as a function of gradient strength g to the  
Stejskal–Tanner equation[37]
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where the convention q  = γ δ g is employed for the diffusion 
wave vector.[1–3] In Equation (1), I(g) is the integral intensity 
of the methyl peak or aliphatic spectral region obtained by 
the Fourier transform of the half-decay of stimulated echo at a 
given value of magnetic field gradient g, and I0 is the integral 
intensity for small values of field gradient value compared to 
the maximum of the gradient strength gmax. Equation (1) can 
be rewritten as
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I
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where the quantity b is defined as 
3
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netogyric ratio is denoted by γ, δ is the duration of the gradient 
pulse, and Δ is the diffusion time defined as the time interval 
between the gradient pulses. In all the 1H high-resolution NMR 
diffusometry experiments reported in this study, the delays 
were set to δ = 2 ms and Δ = 20 ms. A field gradient g in the 
z-direction was applied, increased in 16 steps in a linear ramp 
from 2% to 95% of maximum field gradient in the range of 
gmax  = (1 ÷ 10) T/m. The stimulated echo decay was collected 
into 16k data points and Fourier transformed by applying zero-
filling to 32k data points and an exponential window function 
with a line broadening factor of 5 Hz. A relaxation delay of 7 s 
was used with a spectral window of 6 kHz. For all NMR meas-
urements made in deuterated aqueous solutions, the PNIPAm 
concentration was of 50 mg mL−1. For both CPMAS 3.2 and 
Diff 50 NMR probeheads, the temperature calibration was 
made using neat ethylene glycol chemical shift resonances. 
The intensity of the NMR free-induction decay and, hence, 
the detected normalized stimulated echo is proportional to the 
Curie factor and, hence, depends on the inverse of tempera-
ture. In the following, this dependence would be neglected in 
the limited range of temperatures 10–60 °C used in these NMR 
measurements. The sample temperature was controlled by a 
gradient cooling system to avoid convection effects induced by 
small temperature gradient in the radio-frequency insert.

3. Theory

3.1. Temperature-Induced Phase Transition by a Two-State 
Model Applied to Diffusometry

The self-diffusion temperature dependence of a responsive 
polymer at different time scales can be associated with the fol-
lowing processes: i) coil-to-globule transition that can lead to 
the change in the individual polymer size and conformations, 
ii) aggregation that changes the size and shape of the particles, 
and iii) colloids’ precipitation. For the concentration c of the 

polymer in solution well above the overlap threshold concen-
tration c* (c > c*), formation of intermolecular aggregation has 
taken place.[17,38] Furthermore, it was reported that for inter-
mediate concentration in the semidilute regime[17] of PNIPAm 
in aqueous solution yields colloidal stable dispersion above 
LCST.[39–42] In this case, at temperature above LCST, the effect 
of stimuli-induced phase transition revealed by diffusivity could 
compete with the aggregation process. The NMR spectroscopy 
and relaxometry that edits the temperature-induced phase tran-
sition in responsive NIPAm-PNIPAm-SH and Bn-PNIPAm-SH 
polymers in D2O with a concentration of c  = 50 mg mL−1 for 
low and intermediate values of Mn revel the transition between 
two well-defined states of coil and globular polymers.[33,34] 
Hence, we consider that for the used polymer concentration in 
the overlap regime and in the time window of the experiments, 
the process of transition is dominated by the thermal respon-
siveness of the polymers and not by aggregation followed by 
precipitation. This was shown for PNIPAm with concentrations 
of c = 1–10 mg mL−1.[30]

A quantitative description of the temperature-induced phase 
transition of responsive linear polymers and brushes was devel-
oped based on a two-state model.[33] The main assumptions of 
the model are reviewed in the following sections. The ensemble 
of polymer chains, brushes, or microparticles in aqueous solu-
tions is assumed to evolve under constant volume and pres-
sure. The temperature (T) is the only relevant intensive vari-
able. The statistical ensemble is composed of i-subensembles 
being in pure i-state. In the following, we limit our discussion 
to the polymer chains in two states (i.e., i = 1, 2) represented by, 
predominately, hydrophilic (i  = 1, coil state) and hydrophobic 
(i = 2, globule state) polymer chains in thermodynamic equilib-
rium. This model is similar to that of monomers of the chain 
that can exist in two distinct and interconverting states.[43–46] 
The precise identification of the monomeric states leads to the 
reactive binary[43,46] and ternary systems.[44–46]

For our model,[33] the statistical average of a thermodynamic 
quantity designed as “observable” 〈O(T)〉 can be written as
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i
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where Oi(T) is the physical quantity corresponding to each 
i-state. The probability Pi that the quantity O(T) is in i-state is 
given by
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The Gibbs free energy is Gi = Hi − TSi, where Hi and Si are 
the enthalpy and entropy thermodynamic potentials of the 
i-state, respectively. In Equation (4), β = (kBT)−1, where kB is the 
Boltzmann constant.

In the case of a statistical ensemble having two states from 
Equations (3) and (4), we can write in the region of coil-to-
globule phase transition as

O T
O

H T S
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where ΔH = Hglobule − Hcoil and ΔS = Sglobule − Scoil. The statis-
tical quantities Ocoil and Oglobule describe the coil and globule 
polymer chains subensembles in the plateau temperature 
region around the phase transition. At transition temperature Tt,  
the state probabilities fulfil the relationship Pcoil  = Pglobule, 
which implies ΔH = TtΔS. In the narrow temperature region of 
phase transition, we can write β ≈ (kBTt)−1. These assumptions 
allow us to rewrite Equation (5) as
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Equation (6) was derived from first principles of the statis-
tical thermodynamics applied in the region of phase transition. 
The thermal bath is represented by the hydrogen bonds’ net-
work fluctuations of the solvent characterized by temperature 
T. The interactions between the responsive polymer and sol-
vent are included in phase-transition temperature and change 
of transition entropy.

In the isotropic large medium the 3D diffusion of polymers 
can be described by the Einstein relationship[1–3]

D
t

r t r
t
lim

1
6

0
2� �( )( ) ( )= 〈 − 〉

→∞
� (7)

where the stochastic position vector r t( )
�  describes the center-of-

mass of the polymer at time t, relative to the origin of coordinate 
system of reference given by r (0)

� . The self-diffusion coefficient 
is denoted by D. The statistical observable is in the case of diffu-
sivity measurements the mean-squared displacement over diffu-
sion time t, i.e., r t r( ( ) (0)) .2� �〈 − 〉  From Equations (6) and (7) we can 
write for the temperature dependence of diffusivity.
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where Tt and |ΔS|/kB are the fit parameters of interest. We 
assumed that in the plateau temperature regime of coil and 
globule states, the temperature dependence of diffusivities is weak 
(see the following sections) and can be described by the average 
self-diffusion coefficients Dcoil and Dglobule. In the plateau regimes, 
the above assumption is partially justified by the weak tempera-
ture dependence of hydrodynamic radius and solvent viscosity.

Equation (8) can be used to analyze the two states around 
the transition temperature of phase transition, i.e., for T < Tt 
and T > Tt, that corresponds to coil or fully hydrated state and 
globule or collapsed state, respectively. In the swollen state, the 
temperature difference can be approximated by T  − Tt  ≈  − Tt, 
and from Equation (8), in the limit of |ΔS|/kB ≫ 1, we yield 
D ≈ Dcoil. For collapsed state T − Tt ≈ T, and we get D ≈ Dglobule.

3.2. Temperature-Induced Phase Transition by Diffusometry 
Described by Boltzmann Function

The temperature dependence of the diffusion coefficient D(T) 
can also be established by the phenomenological sigmoidal or 

Boltzmann function as previously reported for the temperature-
induced phase transition measured by NMR spectroscopy of 
PNIPAm systems[29,33–36] and for bio-microgel.[9,47] The ther-
moresponsive polymer diffusivity in the presence of phase 
transition can be described by phenomenological Boltzmann 
function, that is

D T
A

T T
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where A and B are fit parameters and the quantity ΔTt is 
the width of temperature-induced phase transition. From 
Equation (9), in the swollen regime for T < Tt we get 
Dcoil ≈ A + B, and in the plateau region of collapsed state when 
T > Tt we can write Dglobule ≈ B. Finally, Equation (9) can be 
rewritten as a Boltzmann function

D T
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T T
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D
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where Dcoil and Dglobule are measured diffusivity around the 
transition temperature or can be treated as fit parameters.

It is worth mentioning that both approaches lead to the 
same value of the diffusivity at phase-transition temperature, 
i.e., D(Tt) = (Dcoil + Dglobule)/2. Furthermore, the transition 
width ΔTt obtain by the temperature dependence of diffusivity 
using Equation (10) can be correlated to the normalized transi-
tion entropy |ΔS/kB|, and transition temperature Tt is given by 
Equation (8). In order to establish this relationship, we assume 
that the first-order derivative as a function of temperature of 
Equations (8) and (10) are the same at T = Tt. This assumption 
can be justified by the fact that the values of the transition tem-
peratures obtained by the Boltzmann function and two-state 
model are in good agreement.[33,34] Finally, we yield

T
T
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k

t
t

B

∆ ∝
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3.3. Temperature Dependence of Hydrodynamic Radius in the 
Approximation of Two-State Model

The Stokes–Einstein relation D = kBT/6πηRh has a broad range 
of generality being valid for diffusion of nanoparticles and 
polymers. In this equation, η is the solvent dynamic viscosity 
and Rh is the hydrodynamic radius of the particle. Moreover, a 
modified Stokes–Einstein relationship that takes into account 
both relative solute (Rh)/solvent (Rsol) ratio and the shape of 
molecules with the major (a) and minor (b) semiaxes can be 
written as D = (kBT)/(c(Rh,Rsol)fs(a,b)πηRh).[48] It was shown that 
in many practical cases c and fs factors can be balanced and, 
hence, the classical Stokes–Einstein relationship remains a 
good approximation.[48] Furthermore, this finding is supported 
by the measurement of diffusivity for roughened poly(styrene) 
particles that can be also modeled by the classical Stokes–
Einstein relation.[49]



www.advancedsciencenews.com www.mcp-journal.de

1700587  (5 of 12) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimMacromol. Chem.  Phys. 2018, 219, 1700587

Combining D  = kBT/6πηRh relationship with Equation (8), 
we can write for temperature dependence of the hydrodynamic 
radius Rh(T) in the approximation of two-state model and an 
average value of the solvent dynamic viscosity
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where Rh,coil and Rh,globule are the average hydrodynamic radius for 
coil and globule in the region of phase transition, respectively. 
We note that the photon correlation spectroscopy gives also 
access to Rh(T) via translational diffusivity[12,13] and the same 
phase-transition thermodynamic parameters can be evaluated 
from Equation (12) derived in the approximation of the two-
state model.

4. Results and Discussion

4.1. Proton HRMAS NMR Spectroscopy

Proton HRMAS NMR spectra of Bn-PNIPAm-SH 
(Mn  = 30 000 g mol−1) and NIPAm-PNIPAm-SH 
(Mn = 45 000 g mol−1) linear polymers were measured at con-
centration of c = 50 mg mL−1 in D2O and are shown in Figure 1a 
and Figure 1b, respectively. For benzyl end-group functionalized 
polymer (Bn-PNIPAm-SH) two peaks of nonequivalent aro-
matic ring protons of benzyl were detected at δCH2 = 7.3 ppm 
and δCH2  = 7.4 ppm and are shown in the inset of Figure 1a. 
These two benzyl peaks show a significant reduction in the inte-
gral area when the phase transition is taking place. In the ali-
phatic spectral region, two strong peaks were detected for side 
chains that correspond to methyl protons of N-isopropyl groups 
(δCH3  = 1.2 ppm, peak 1), and methine protons (δCH,isopropyl  = 
3.9 ppm, peak 2). The polymer backbone is characterized by 
methylene protons (δCH2 = 1.6 ppm, peak 3) and methine pro-
tons (δCH,backbone = 2.1 ppm, peak 4). The protonated D2O peak 
is detected at chemical shift value of δHDO = 4.8 ppm.

The methyl NMR peak 1 is most intense and narrow due to 
the number of protons and their fast rotation around the C3 
axis of symmetry that partially average intra- and intergoups’ 
dipolar interactions. Hence, this peak is advantageous to be 
used for the measurement of stimulated spin-echo decay in dif-
fusion NMR experiments.[1–3] Furthermore, we can note that 
for intermediate molecular weight of Mn = 45 000 g mol−1, the 
1H spectrum of NIPAm-PNIPAm-SH has resonances broader 
compare to those of Bn-PNIPAM-SH with Mn = 30 000 g mol−1 
(Figure 1a,b). This reduction in chain mobility is due to the 
hydrophilic end group, which increases the hydrodynamic drag 
coefficient (see the following sections).

4.2. Fractal Dimension of PNIPAm Functionalized with Hydro-
phobic and Hydrophilic End Groups

The diffusion decays measured by the PFGSE method of Ste-
jskal and Tanner[37] for Bn-PNIPAm-SH and NIPAm-PNIPAm-
SH linear polymers in D2O are shown in Figure 2a and 

Figure 2b, respectively. From the g-dependence of detected NMR 

signal given by Equation (2), we can write ln
( )

(0)

I g

I
bD







= − , where 

the quantity b was varied by steps in the gradient strength. The 
apparent diffusivity D can be evaluated from Figure 2a, and we 
obtain the values of D = 7.2 × 10−11 m2 s−1 (Mn = 5200 g mol−1), 
and D  = 3.1 × 10−11 m2 s−1 (Mn  = 30 000 g mol−1) for Bn-
PNIPAm-SH polymer at 20 °C. For the case of NIPAm-PNIPAm-
SH, from Figure 2b we obtained at the same temperature 
the diffusivity D = 8.3 × 10−12 m2 s−1 (Mn = 4000 g mol−1) and  
D = 1.7 × 10−12 m2 s−1 (Mn = 45 000 g mol−1).

From these results we can conclude that hydrophobic 
(benzyl) end-group functionalized polymer has diffusivity 
of one order of magnitude higher compared to hydrophilic 
(NIPAm) end-group functionalized PNIPAm.
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Figure 1.  Proton HRMAS NMR spectra of a) Bn-PNIPAM-SH polymer with 
Mn = 30 000 g mol−1, and b) NIPAm-PNIPAM-SH with Mn = 45 000 g mol−1 
in deuterated aqueous solutions at 15 °C. The methyl protons of N-iso-
propyl groups correspond to peak 1 and methine protons to peak 2. Peaks 
3 and 4 correspond to CH2 and CH protons of polymer backbone.
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The apparent diffusion coefficients of Bn-PNIPAm-SH and 
NIPAm-PNIPAm-SH polymers were measured for the full 
range of molecular weight investigated in this work and the 
results are shown in Figure 3.

The functional dependence of the radius of gyration Rg of 
macromolecules is related to the molecular mass M by the 
Flory equation[16]

R Mg
d1/ F∝ � (13)

where dF is the fractal dimension (1 < dF  < 3) and δ  = 1/dF 
is the Flory exponent. Furthermore, for a range of molecular 
masses the self-diffusion coefficient D can be described by a 
power low. The diffusivity measurements reveal (Figure 3) 
for hydrophilic and hydrophobic end-group functionalization 
of PNIPAm a linear functional relationship in a double-loga-
rithmic scale, that is[21]

D
K

M d
n

1/ F( )
= � (14)

where K is a temperature-dependent constant. From the 
Equation (14)  and the data of Figure 3 for Bn-PNIPAm-SH and 
NIPAm-PNIPAm-SH linear polymers, we obtained for the fractal 
dimensions the values of dF  = 2.0 and dF  = 1.43, respectively. 
Hence, the effect of end groups upon the PNIPAm diffusivity 
was also revealed by the values of the fractal dimensions. There-
fore, the NIPAm-PNIPAm-SH polymer coil fills less space having 
a larger hydrodynamic interaction compared to Bn-PNIPAm-SH 
coil that fills more space. Moreover, the results of Figure 3 for the 
investigated range of Mn show a large effect of hydrophilic and 
hydrophobic end groups on the values of diffusivity and, hence, a 
difference between polymer–solvent friction coefficients (Table 1). 
We note that the fractal dimension of dF = 2.0 for linear PNIPAm 
was measured from polymer diffusivity at the θ temperature and 
it is in a very good agreement with the value reported above at 
20 °C.[30] In the language of fractal objects, the fractal dimension 
of an ideal linear polymer is dF = 2.0, while for a swollen linear 
chain it is dF = 5/3 or dF ≈ 1.66.[42]

The diffusivity distributions can be obtained by inverse 
Laplace transformation (ILT) of the diffusion decays (Figure 2). 
These normalized probability distributions for Bn-PNIPAm-SH 
and NIPAm-PNIPAm-SH polymers, as a function of Mn, are 
shown in Figure S2.1 (Supporting Information). The ill-defined 
nature of ILT can lead to artifacts that in our case are repre-
sented by the small intensity peaks at higher values of diffu-
sivity (Figure S2.1, Supporting Information). Figure S2.2 (Sup-
porting Information) shows the apparent diffusivity depend-
ence upon molecular weight on the double-logarithmic scale 
from the maximum of the distribution probability at 20 °C 
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Figure 2.  Diffusion decays in semilogarithmic scale for a) Bn-PNIPAm-
SH and b) NIPAm-PNIPAm-SH linear polymers in D2O with a concentra-
tion of 50 mg mL−1 at 20 °C. The continuous lines show linear fits using 
Equation (2).
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Figure 3.  The dependence of diffusivity D as a function of molecular 
weight (Mn) in a double-logarithmic scale, for Bn-PNIPAm-SH and NIPAm-
PNIPAm-SH linear polymers in D2O with a concentration of 50 mg mL−1 
at 20 °C. The continuous lines show the fits with linear functions.

Table 1.  Drug coefficients of Bn-PNIPAm-SH and NIPAm-PNIPAm-SH 
linear polymers in D2O at 20 °C.

Bn-PNIPAm-SH 
[g mol−1]

ξa) [× 10−11 J 
s m−2 K−1]

NIPAm-PNIPAm-SH 
[g mol−1]

ξa) [× 10−11 
J s m−2 K−1]

5200 5.6 4000 35.7

30 000 12.9 45 000 191.4

a)Errors are of the order of 10%.
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(intense peak in Figure S2.1 in the Supporting Information) 
for PNIPAm linear polymer in aqueous solutions with Bn and 
NIPAm end-group functionalization. The values of the fractal 
dimension obtained from the slop of the linear dependences 
are close to those obtained from the data of Figure 3. Moreover, 
the diffusivity distributions allow us to evaluate the dispersity in 
the values of D coefficients. In Figure S2.3 (Supporting Infor-
mation) the diffusivity width (ΔD) versus molecular weight is 
shown for PNIPAm free polymer in aqueous solutions with Bn 
and NIPAm end-group functionalization. The diffusivity width 
shows an order of magnitude difference between Bn-PNIPAm-
SH and NIPAm-PNIPAm-SH polymers and is related to the 
hydrophobic and hydrophilic characters of the end groups and 
fractal dimension.

The diffusivity D is based on many solvent/solute mixture 
upon the Einstein relationship, D  = kBT/ξ, where ξ is the 
hydrodynamic drag or frictional coefficient between polymer 
and solvent. This quantity is sensitive to the polymer confor-
mations and thus will change during the temperature-induced 
phase transition. The frictional coefficient in the hydrodynamic 
limit is given by Stokes–Einstein relation, ξ  = 6πηRh, where 
η is the solvent dynamic viscosity and Rh is the hydrodynamic 
radius. From the data shown in Figure 3 we can evaluate the 
friction coefficients for end-group functionalized PNIPAm in 
aqueous solution as a function of molecular weight using the 
relation ξ = kBT/D. For the extreme values of Mn investigated in 
this study, the friction coefficients are shown in Table 1. From 
these results we can conclude that in the case of hydrophilic 
NIPAm-like end group, the friction coefficient of the PNIPAm 
coil is about one order of magnitude higher compared to that of 
hydrophobic Bn end group with the same range of molecular 
weight. In the former case, the hydrogen bonding of NIPAm 
with the solvent molecules is responsible for the increase in 
the hydrodynamic drag coefficient. We note that the molecular 
weight of NIPAm (Mn  = 113.16 g mol−1) is close to that of 
benzyl (Mn  = 92.11 g mol−1) and, therefore, the difference in 
the polymer diffusivity is not related to the difference in Mn but 
to the changes in hydrodynamic interaction due to hydrophilic 
and hydrophobic characters of end groups.

4.3. Temperature-Induced Phase Transition of NIPAm-PNIPAm-
SH and Bn-PNIPAm-SH Polymer Chains in Aqueous Solution by 
1H High-Resolution NMR Diffusometry

The temperature dependence of the diffusivity D of NIPAm-
PNIPAm-SH linear polymer is shown in Figure 4 for three 
values of the molecular weight. The same dependences are 
shown in Figure 5 for Bn-PNIPAm-SH end-group functional-
ized polymer. In this case, the diffusivity is shifted to higher 
values as expected from the data shown in Figure 3. The 
changes in the value of the diffusion coefficients as a function 
of temperature reveal a phase transition from coil (swollen) 
state characterized by small values of D to globule (collapsed) 
state with higher values of D that corresponds to faster center-
of-mass transport due to change in the polymer size and hydro-
dynamic interaction. In the swollen state, the plateau is well 
revealed while in the collapsed state the plateau is not clearly 
evidenced due to the limited range of temperature chosen to 

avoid convection. The increase in the value of Mn makes the 
plateau more visible due to the shift in the transition tempera-
ture Tt, and narrowing of the phase-transition width ΔTt (see 
the following section).

It is worth mentioning that for all molecular weight and tem-
perature investigated, leading to different overlap concentration 

Figure 4.  Temperature-induced phase transition measured by the 
dependence of diffusivity D as a function of temperature for NIPAm-
PNIPAm-SH polymers in D2O with a concentration of 50 mg mL−1. 
The NIPAm-PNIPAm-SH molecular weight is a) Mn  = 4000 g mol−1,  
b) Mn = 12 500 g mol−1, and c) Mn = 45 000 g mol−1. The continuous lines 
correspond to the two-state model fits (Equation (8)).
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c*, the diffusion decay curves are monoexponential showing 
that the presence of a heterogeneous system having globule 
and aggregates can be, in a good approximation, excluded. 

Moreover, we can evaluate the value of c* for the particular case 
of PNIPAm with Mn = 30 000 g mol−1 using the relation[42]

c
M

VN
* n

av

=
�

(15)

where 
4
3

h
3V R

π= 



 , Rh is the hydrodynamic radius, and Nav is the 

Avogadro number. The dependence of hydrodynamic radius 
on molecular weight was measured for PNIPAm at 20 °C  
using DLS and is given by R M0.016h w

0.54= −  (nm).[50] From 
Equation (15), we obtain c* ≈ 18 mg mL−1. Hence, the PNIPAm 
aqueous solutions used in our investigation with c = 50 mg mL−1  
are in the region of chains’ overlap where the coil-to-globule 
transition still dominates the phase transition as was proved by 
self-diffusion coefficient in NMR measurements for PNIPAm 
with Mw = 105 g mol−1.[51]

The molecular weight dependence of thermodynamic quan-
tities Tt and ΔS/kB (Figure 6a,b) was obtained by the two-state 
model fits (Equation (8)) of the data shown in Figures 4 and 
5 for NIPAm-PNIPAm-SH (red bars) and Bn-PNIPAm-SH 
(black bars) polymers. The phase-transition temperature 
decreases with the increase in the molecular weight for both 
end groups (Figure 6a). The same behavior is detected from 
the Boltzmann function fits by Equation (10), as shown in  
Figures S3.1–S3.3 of the Supporting Information. This corre-
sponds to the increase in the hydrodynamic interaction present 
in the diffusivity measurements with the increase in molecular 
weight that will lead to a decrease in Tt. This is different for the 
case of phase-transition temperature measured by 1H HRMAS 
NMR spectroscopy/relaxometry that is showing opposite 
behavior for PNIPAm having NIPAm and Bn end groups.[34] 
For the case of Bn-PNIPAm-SH, the transition temperature 
that edit the side chain and backbone dynamics is increased 
with the increase in molecular weight.[34]

The trend in the changes of |ΔS/kB| with the molecular 
weight is the same for NIPAm-PNIPAm-SH and Bn-PNIPAm-
SH linear polymers measured by integral spectral intensity 
through 1H HRMAS NMR spectroscopy/relaxometry[34] and 
NMR diffusometry (Figure 6b). The reduction in the phase-
transition width ΔTt with the increase in molecular weight for 
both end-group functionalization of PNIPAm measured by 
NMR diffusometry (Figure 6c) is in agreement with that meas-
ured before using 1H HRMAS NMR spectroscopy by T2-edited 
spectral intensity.[34] Furthermore, in the limit of ideal chains 
and not large values of molecular weight, the dependence 
ΔTt ∝ Mn

−1/2 was theoretically established that it is in agree-
ment with the dependences shown in Figure 6c for both end-
group functionalization.[52]

4.4. Sensitivity of Hydrodynamic Radius Measured by NMR Dif-
fusometry to the End Groups of PNIPAm Polymer in Aqueous 
Solutions

The hydrodynamic radius (Rh) for NIPAm-PNIPAm-SH and 
Bn-PNIPAm-SH polymer chains in the process of temperature-
induced phase transition can be obtained from chains’ diffu-
sivities shown in Figures 4 and 5, respectively. The relationship 
between Rh and D is assumed to be given by Stokes–Einstein 
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Figure 5.  Temperature-induced phase transition measured by the depend-
ence of diffusivity D as a function of temperature for Bn-PNIPAm-SH 
polymers in D2O with a concentration of 50 mg mL−1. The Bn-PNIPAm-
SH molecular weight is a) Mn = 5200 g mol−1, b) Mn = 9800 g mol−1, and 
c) Mn = 30 000 g mol−1.The continuous lines show the two-state model 
fits (Equation (8)).
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equation and dynamic viscosity for deuterated water is taken 
from ref. [53]. The dependence of hydrodynamic radius as a 
function of temperature for PNIPAm polymers with NIPAm 
and Bn end groups is shown in Figures 7 and 8, respectively. 

The above dependences show a sigmoidal shape character-
istic for phase transition in the polymer overlap concentration 
without contributions from aggregation.
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Figure 6.  Thermodynamic parameters of temperature-induced phase 
transition given by a) transition temperature, b) change in entropy, and 
c) width of transition as a function of molecular weight. The width of the 
phase transition is obtained from the fit with the Boltzmann function 
(Equation (10)).

Figure 7.  Temperature-induced phase transition measured by the 
dependence of hydrodynamic radius, Rh, as a function of temperature for 
NIPAm-PNIPAm-SH polymers in D2O with a concentration of 50 mg mL−1. 
The NIPAm-PNIPAm-SH molecular weight is a) Mn  = 4000 g mol−1, 
b) Mn = 12 500 g mol−1, and c) Mn = 45 000 g mol−1. The continuous 
lines correspond to the two-state model fits (Equation (12)).
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Similar Rh(T) dependence describing coil-to-globule transition 
in the heating process was reported by Wu and Wang[38] through 
DLS for PNIPAm linear chains with Mn = 1.3 × 107 g mol−1 in 
extremely dilute aqueous solution (c = 6.7 × 10−4 mg mL−1). Fur-
thermore, it is worth noting that the values of the hydrodynamic 
radius for coils show differences of one order of magnitude 
between NIPAm-PNIPAm-SH and Bn-PNIPAm-SH linear poly-
mers (Figure S4.1, Supporting Information) as a consequence 
of differences in diffusivity (Figures 4 and 5), reflecting the 
effect of hydrophilic and hydrophobic end groups. As expected, 
Rh increases with the increase of molecular weight as shown in 
Figure S4.1 (Supporting Information).

The hydrodynamic radius values shown in Figure S4.1 (Sup-
porting Information) are taken from those of Figures 7 and 
8 at 20 °C. The dependence Rh(Mn) is in agreement with that 
obtained by DLS measurement for nonfunctionalized PNIPAm 
with Mn = 1.3 × 107 g mol−1 at 20 °C, where Rh ≈ 125 nm was 
reported.[38] Furthermore, the hydrodynamic radius obtained 
for NMR diffusometry, as discussed in Section 3.3, are shown 
in the double-logarithmic scale in Figure 9. The linear fits lead 
to the following power-law relations measured at 20 °C

R M5.35( ) nmh
NIPAm

n
0.68=

� (16)

and

R M0.88( ) nmh
Bn

n
0.42= � (17)

where Mn has units of kDa. Similar dependences were 
reported by PNIPAm linear polymer at 20 °C using static and 
dynamic light scattering.[54] In this case, the power-law rela-
tion was given by R M( )h

PNIPAm
w

0.57∝  nm.[54] These results show 
that the power-law exponents depend on the PNIPAM end 
groups and the polymer chains in aqueous solutions at 20 °C 
behave as expanded flexible coils. The coil sizes are bigger for 

Figure 8.  Temperature-induced phase transition measured by the 
dependence of hydrodynamic radius, Rh, as a function of tempera-
ture for Bn-PNIPAm-SH polymers in D2O with a concentration of 
50 mg mL−1. The Bn-PNIPAm-SH molecular weight is a) Mn = 5200 g mol−1, 
b) Mn = 9800 g mol−1, and c) Mn = 30 000 g mol−1. The continuous lines 
show the two-state model fits (Equation (12)).
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Figure 9.  Hydrodynamic radius measured by NMR diffusometry for 
PNIPAm linear polymer in aqueous solutions with NIPAm and Bn end 
groups as a function of molecular weight in a double-logarithmic scale at 
20 °C. The linear fits of the data are shown by continuous lines.
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NIPAm-PNIPAm-SH compared to Bn-PNIPAm-SH due to the 
hydrophilic character of NIPAm-like end group.

5. Conclusions

The translational diffusion of stimuli-responsive polymers can 
be quantified in the region of phase transition using a statis-
tical two-state model and phenomenological Boltzmann func-
tion. Both approaches describe, in a good approximation, the 
temperature dependence of diffusivity measured by pulsed-
field gradient stimulate-echo NMR diffusometry in the regime 
where phase transition dominates the aggregation process.

The thermodynamic parameters of the temperature-induced 
phase transition such as transition temperature, transition 
entropy, and width of transition can be evaluated from these 
two approaches and are functions upon the molecular weight 
and the end-group functionalization. The dependence of the 
thermodynamic parameters upon Mn measured by 1H high-
resolution NMR diffusometry shows the same trend for both 
hydrophilic (NIPAm-like) and hydrophobic (Bn) end-group 
functionalization of PNIPAm. The polymer chain diffusivity is 
smaller for hydrophilic end groups compared to hydrophobic 
ones due to the presence of hydrogen bonding with water mole-
cules. For the hydrophobic end groups, the solvation shell leads 
to a smaller hydrodynamic drag coefficient. In the presence of 
end-group functionalization, the difference in the polymer dif-
fusivity becomes smaller with the increase of polymer molec-
ular weight that starts to be dominated by the interactions of 
polymer segments. The fractal dimension measurements show 
that the NIPAm-PNIPAm-SH coil fills less space compared 
to Bn-PNIPAm-SH coil that fills more space, which explains 
the differences in diffusivity. NMR diffusometry allows us to 
measure the hydrodynamic radius of polymers and to establish 
the dependences of power-law relations upon end groups’ inter-
actions with water molecules.

In general, the thermodynamic parameters of the phase 
transitions for thermosensitive polymer solutions are reflected 
in a different manner into measurements sensitive to overall 
polymer translation or rotation. The former case corresponds 
to diffusivity measurements and the latter case to NMR 
methods based on the side chain and segmental dynamics 
edited by integral intensity of the HRMAS spectra.[33,34] Hence, 
the characterization by diffusometry and NMR spectroscopy of 
temperature-induced phase transition in responsive polymers 
is complementary. The diffusivity measurements by stimu-
lated-echo normalization are not sensitive to the T2 relaxa-
tion rates and, therefore, give an independent access to the 
parameters of temperature-induced transition and discriminate 
between translation and rotation polymer motions. Moreover, 
we note that Equation (5) is generally describing the diffusivity 
of stimuli-responsive polymer chains, brushes, and micro-
gels, independent of the method used for diffusion coefficient 
measurement.

The results discussed in this work will allow us to obtained 
more insights into the aggregation process of stimuli-sensitive 
polymer brushes onto nanoparticles like AuNRs, by its depend-
ence on particle concentration and temperature, pH, ionic 
strength, or near-infrared laser irradiation.
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from the author.
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