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ABSTRACT 

In this study we report detailed information on the internal structure of PNIPAM-b-PEG-b-

PNIPAM nanoparticles formed from self-assembly in aqueous solutions upon increase in 

temperature. NMR spectroscopy, light scattering and small-angle neutron scattering (SANS) 

were used to monitor different stages of nanoparticle formation as a function of temperature, 

providing insight into the fundamental processes involved. The presence of PEG in a 

copolymer structure significantly affects the formation of nanoparticles, making their 

transition to occur over a broader temperature range. The crucial parameter that controls the 

transition is the ratio of PEG/PNIPAM. For pure PNIPAM, the transition is sharp; the higher 

the PEG/PNIPAM ratio results in a broader transition. This behavior is explained by different 

mechanisms of PNIPAM block incorporation during nanoparticle formation at different 

PEG/PNIPAM ratios. Contrast variation experiments using SANS show that the structure of 

nanoparticles above cloud point temperatures for PNIPAM-b-PEG-b-PNIPAM copolymers is 

drastically different from the structure of PNIPAM mesoglobules. In contrast with pure 

PNIPAM mesoglobules, where solid-like particles and chain network with a mesh size of 1-3 

nm are present; nanoparticles formed from PNIPAM-b-PEG-b-PNIPAM copolymers have 

non-uniform structure with “frozen” areas interconnected by single chains in Gaussian 

conformation. SANS data with deuterated “invisible” PEG blocks imply that PEG is 

uniformly distributed inside of a nanoparticle. It is kinetically flexible PEG blocks which 

affect the nanoparticle formation by prevention of PNIPAM microphase separation. 
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INTRODUCTION 
Temperature-responsive polymers are a class of materials which undergo phase changes 

upon heating or cooling their solutions. If a polymer displays an expanded coil to globule 

transition during heating, associated with reduced solubility, it is said to display cloud point 

temperature (CPT). A phase diagram for aqueous solutions of temperature-responsive 

polymers is characterized by so-called lower critical solution temperature (LCST).1,2 This 

transition occurs due to an unfavourable entropy of mixing. A polymer reaching its CPT is 

usually associated with an increase in solution turbidity due to the collapse of the expanded 

coil, resulting in a globule which is able to phase separate via a mesoglobular state, which 

subsequently scatters light. For a homopolymer, the final result of reaching the CPT is 

polymer phase separation in solution. In block copolymer solutions, however, the phase 

separation of one block can result in the formation of a self-assembled structure – including 

micelles,3-10 worm-like micelles,11 and gels.12 These self-assembled structures have potential 

use in drug delivery, releasing their load in a temperature-dependent fashion.13 

Poly(N-isopropyl acrylamide) (PNIPAM) is one of the most highly studied temperature-

responsive polymers exhibiting a LCST. The LCST of a PNIPAM homopolymer is 

approximately 32°C, though copolymerization with hydrophilic monomers may alter this, as 

well as changes in concentration, ionic strength, and pH.14 Diblock copolymers of 

poly(ethylene glycol) (PEG) and PNIPAM are able to form micelles,15-18 vesicles,19,20 and 

gels,21,22 depending on molecular weights and concentration. It was established that vesicles 

are formed from a three-level intermediate hierarchical structure that exist in solution below 

CPT.20 ABA triblock copolymers of PNIPAM-b-PEG-b-PNIPAM have been less studied,22,23 

and are known to form both  micelles15 and gels.21,22 At high concentrations of block 

copolymer (> 20 wt.%), gels are formed, depending on the molecular weight of each block.21 

At lower concentrations shorter block length is detrimental to gel formation. Topp et al15 used 

cerium to initiate chain growth of PNIPAM (1.6 kDa) from PEG (6 kDa) to give ABA 
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triblock copolymers which assembled into micelles above 30.9°C. This was not an extensive 

study, but to our knowledge is the first report of these materials. However, the effect of 

molecular weight of each block was not determined. Previously, Hennik et.al.23 studied 

PNIPAM-b-PEG-b-PNIPAM copolymers and the presence of flower-like micelles in solution 

was reported above CPT in contrast with ordinary micelles formed by PEG-b-PNIPAM 

copolymers. Existence of loops in flower-like micelles was convincingly demonstrated by 1H 

NMR relaxometry.23  

In this study we use small-angle neutron scattering (SANS), light scattering and NMR to 

study the formation of nanoparticles from PNIPAM-b-PEG-b-PNIPAM block copolymers. 

The main difference of PNIPAM-b-PEG-b-PNIPAM block copolymers reported here from 

ones reported in references19,20,23 is much shorter length of PNIPAM block. This allows for 

comprehensive study of the internal structure of these self-assembled nanostructures, as well 

as the other features occurring during self-assembly. 

Materials 
Tris(2-aminoethyl)amine (TREN), polyethylene glycol (PEG, 4 kDa), α-bromoisobutyryl 

bromide (BIBB), formic acid, formaldehyde, N-isopropyl acrylamide (NIPAM), and copper 

(I) chloride were purchased from Sigma-Aldrich (U.K.). Deuterated PEG (3.5 kDa) was 

purchased from Polymer Source (Canada). Dialysis membranes with a 3.5 kDa molecular 

weight cut-off (MWCO) were purchased from Visking (U.K.) and soaked for 1 h in deionized 

water prior to use. Toluene and triethylamine were dried over 3 Å molecular sieves for 24 h 

prior to use. 

Methods 

Synthesis of PNIPAM-b-PEG-b-PNIPAM triblock copolymers via atom-

transfer radical-polymerization (ATRP) 
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ATRP was conducted using the difunctionalized PEG macroinitiator and ME6TREN 

catalyst described above, with an initiator:catalyst:ligand ratio of 1:1:1. The ATRP procedure 

was as follows: CuCl (12.4 mg, 125 µmol) was placed into a round-bottom flask, sealed with 

a septum, then purged with N2 for 20 min. A second flask was prepared containing NIPAM 

(500 mg for ‘low’ Mw PNIPAM or 1.25 g for ‘high’ Mw PNIPAM) and PEG macroinitiator 

(500 mg, 125 µmol). H2O (2 mL) was added, followed by Me6TREN (33.4 µL, 28.8 mg, 125 

µmol). The solution was then allowed to stir at room temperature until complete dissolution 

(c.a. 5 min). The solution containing NIPAM, macroinitiator, and ligand was then bubbled 

through with N2 for 20 min, at which point it was transferred to the flask containing CuCl via 

syringe. The reaction was then allowed to proceed at room temperature for 24 h with stirring. 

The resulting blue-green solution was concentrated in vacuo, dissolved in tetrahydrofuran 

(THF) (5 mL), then passed through a short length of neutral alumina, resulted in a colourless 

solution. This was concentrated in vacuo to yield a white solid, PNIPAM-b-PEG-b-PNIPAM. 

Dialysis (MWCO 3.5 kDa) was necessary to remove residual monomers (as detected by 1H 

NMR). 1H NMR (400 MHz, D2O, δ): 3.86 (br, CH PNIPAM), 3.66 (br, CH2 PEG), 1.97 (br, 

CH2 PNIPAM), 1.54 (br, CH2 PNIPAM), 1.11 (br, CH3 PNIPAM) ppm.  

Gel-permeation chromatography (GPC) 
GPC was conducted in order to determine polydispersity indexes (PDIs) and confirm that 

PEG and PNIPAM blocks were bonded to each other. An Agilent 1260 Infinity GPC-SEC 

system combined with 1 x Waters Styragel HR2 column was used.  THF was used as mobile 

phase at a flow rate of 1.0 mL min-1. Polystyrene standards and samples were dissolved in 

THF (2 mg/mL) with gentle heating to ensure complete dissolution of PEG. Mn values quoted 

are determined by relative, narrow standard, calibration. 

Nuclear Magnetic Resonance (NMR) 
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To characterize the behavior of the polymer system, the 1H and 1H spin-spin relaxation 

times T2 were measured using NMR spectroscopy. Relaxation NMR spectroscopy is a useful 

tool for investigating polymer and solvent dynamics due to the fact that the transverse 

magnetization component is sensitive to changes in the mobility of polymer segments as well 

as the solvent.10, 24-26  

1H NMR measurements were performed with a Bruker Avance III 600 spectrometer 

operating at 600.2 MHz. The integrated intensities were determined with the spectrometer 

integration software at an accuracy of ±1%. In all measurements, the temperature was 

maintained at a constant value within ±0.2 oC using a BVT 3000 temperature unit. The 

samples were kept at the experimental temperature for at least 15 min before the 

measurement. The measurement conditions were as follows: 90 pulses with a width of 10 µs, 

relaxation delay of 10 s, spectral width of 4844.961 Hz and 8 scans in the temperature range 

17-57 ºC. The 1H spin-spin relaxation times T2 for all components were measured using the 

CPMG pulse sequence 90° x-(td-180° y-td)n-acquisition with td = 0.5 ms. Each experiment 

was conducted with 4 scans, a relaxation delay of 80 s and a spectral width of 9014.423 Hz. 

The obtained T2 relaxation curves were monoexponential and the fitting process made it 

possible to determine a single value of the relaxation time. The relative error for T2 values of 

PNIPAM, HDO and PEG protons did not exceed ±8%, ±5% and ±6%, respectively. 

To quantitatively characterize the phase separation, we have used the values of the phase-

separated fraction p obtained as 

0

1)(
I

I
Tp −=

          (1) 

where I is the integrated intensity of the given polymer signal in the spectrum of the partly 

separated system and I0 is the integrated intensity of this signal if no phase separation occurs. 

For I0, we took values based on integrated intensities below the phase transition, using the 
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expected 1/T temperature dependence. The integrated intensities were measured ~20 min 

after the corresponding temperature was reached (by heating). 

Small-angle neutron scattering (SANS)  
SANS experiments were performed on the time-of-flight Sans2d diffractometer at the ISIS 

neutron facility, U.K. A simultaneous Q-range of 0.005 – 0.85 Å-1 was achieved by utilizing 

an incident wavelength range of 1.75 – 16.5 Å and employing an instrument set-up of L1 = L2 

= 4m with the detector offset vertically 75 mm and sideways 305 mm.  The beam diameter 

was 8 mm.  Each scattering data set was corrected for the detector efficiencies, sample 

transmission and background scattering and converted to scattering cross-section data using 

instrument specific software.27 These data were placed on an absolute scale (cm-1) using the 

scattering from a standard sample (a solid blend of hydrogenous and perdeuterated 

polystyrene) in accordance with established procedures.28 All solutions for SANS 

experiments were prepared using D2O as solvent to reduce incoherent scattering. The 

concentrations of all solutions was 0.5 wt.%. Scattering from pure D2O was measured 

separately and subtracted from solution scattering data.  

Light Scattering  

Static and Dynamic Light scattering (SLS and DLS) was performed to characterize the 

micelles in dilute solutions. Initially, the pH dependency of the hydrodynamic radius of 

particles, Rh, and the scattering intensity, Is, were measured at a scattering angle of θ = 173º 

with a Zetasizer Nano-ZS instrument, Model ZEN3600 (Malvern Instruments, UK). The DTS 

(Nano) program was used to evaluate the data. It provides intensity-, volume-, and number-

weighted Rh distribution functions G(Rh).
29 The intensity-weighted value of the apparent Rh 

was chosen to monitor the temperature-dependent changes in the system. 

Static light scattering 

Page 7 of 31

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



The static light scattering measurements were performed at 40°C in the angular range 40-

140° using ALV goniometer equipped with a 30 mW He-Ne laser (λ = 632.8 nm). Data 

evaluation was carried out through using Guinier and Berry models.30 The differential index 

of refraction (dn/dc) was determined in a BI-DNDCW differential refractometer (Bruckhaven 

Instruments Corporation) at 620.0 nm, with Differential Refractometer Software. Stock 

solutions of PNIPAM-b-PEG-b-PNIPAM copolymers were prepared in D2O (1 g/dm3). The 

dn/dc value was found to be around 1.45 ×10-4 L/g. 

 

3D-DLS 

The aforementioned system is relatively turbid, denoting the existence of multiple scattering 

contributions. Therefore the undesired multiple scattering contributions should be suppressed 

in order to get reliable measurements of the form factor, in diluted solutions, or of the 

structure factor in more concentrated ones.31-33 Thus, the 3D-DLS cross-correlation technique 

was used where the scattering intensity from two beams of the same wavelength 

corresponding to the same scattering vector, but different scattering planes on the same 

scattering volume are cross-correlated. It has been shown that contributions from multiple 

scattering events is eliminated in this way, enabling us to extract information on only the 

single scattering contribution. The experimental set-up which was used for both DLS and 

SLS measurements is the 3D LS Spectrometer from LS instruments consisting of a 

goniometer system equipped with a single laser beam (Lumentum 1145/P HeNe laser 21mW) 

at 632.8nm. Experiments were conducted at 40 oC. 

RESULTS AND DISCUSSION 
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Scheme 1. Synthetic route to PNIPAM-b-PEG-b-PNIPAM triblock copolymers 

PNIPAM-b-PEG-b-PNIPAM triblock copolymers were synthesized using ATRP 

polymerization from a difunctionalized PEG macroinitiator (Scheme 1). This synthesis was 

conducted in aqueous conditions, using ME6TREN as a ligand for a copper (I) chloride 

catalyst, which has been reported for the polymerization of PNIPAM.34 Oxidation of copper 

(I) to copper (II) during the polymerization leads to the appearance of a blue-green colour 

solution, which was removed by passage through a short length of neutral alumina. 1H NMR 

(Figure 1) showed that polymerization had occurred, with vinylic protons of the acrylamide 

moiety not present, replaced with alkyl protons at 1.97 and 1.54 ppm, corresponding to the 

polymer backbone. Additional characteristic broad peaks were identified for PNIPAM at 3.86 

(CH) and 1.11 (CH3) ppm, as well as the CH2 protons for PEG at 3.66 ppm. 
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Figure 1. Exemplar 1H NMR of PNIPAM-b-PEG-b-PNIPAM, displaying characteristic peaks 

of both PEG and PNIPAM. 

Four samples were produced in total, in which the PEG blocks were either deuterated or 

non-deuterated, with PNIPAM blocks of two different molecular weights as determined by 

GPC (Table 1). These four samples can be grouped into two pairs. A and B have matched 

molecular weight deuterated-PEG and PEG blocks (3.5 and 4 kDa, respectively) and ‘short’ 

PNIPAM blocks (3.4 and 4.3 kDa, respectively). C and D have matched molecular weight 

deuterated-PEG and PEG blocks (3.5 and 4 kDa, respectively) and ‘long’ PNIPAM blocks 

(6.2 and 5.8 kDa, respectively). All products had satisfactory PDIs (< 1.4), considering the 

polydispersities of the macroinitiators.34  

Table 1. Molecular weight and PDI of PNIPAM-b-PEG-b-PNIPAM triblock copolymers 

*- Data from NMR in D2O; §- PEG is deuterated 

1
5

3 2 4

3 2

1

4

5

Chemical shift (ppm)

4.0 3.5 3.0 2.5 2.0 1.5 0.51.0

0.02

0.01

0.03

MTC97.1r.esp

3
.8
6

3
.6
6

1
.9
7

1
.5
4

1
.1
1

N
or

m
al

iz
ed

 In
te

ns
ity

Sample 
ID 

Mn 
(kDa) 

PDI Mn of PEG 
(kDa, 

manufacturer) 

Mn of 
PNIPAM 

blocks (kDa)  
GPC 

N of 
PNIPAM 

blocks 

N of PEG 
blocks 

A 10.3 1.4 3.5§ 3.4  30 79 
B 12.5 1.3 4.0 4.3  38 (43*) 90 
C 15.8 1.2 3.5§ 6.2  54 79 
D 15.5 1.2 4.0 5.8  51(60*) 90 
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Dynamic light scattering experiments directly prove the presence of nanoparticles in 

solution at high temperature (Figure 2). A sharp transition is seen at the CPT of PNIPAM 

(approximately 35 °C), resulting in the formation of nanoparticles with a hydrodynamic 

radius (Rh) of approximately 75 nm. It should be noted here, that a low fraction of 200-300 

nm aggregates were seen at low temperatures. This peak was discarded on Figure 2 due to 

concentration of these aggregates in solution is negligible. Above the CPT, the distribution 

was monomodal. 
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Figure 2. Temperature dependence of apparent hydrodynamic radius and scattered intensity 

for sample D measured using conventional DLS at c=1.0 wt.%. Star point indicated by arrow 

is the hydrodynamic radius value measured by 3D-DLS method. 

Further heating above CPT, results in continuous increase in the apparent hydrodynamic 

radius up to 200 nm at approximately 50 °C followed by a significant drop to 50 nm. This 

behavior has been seen for different thermosensitive polymers such as glycogen-graft-poly(2-

alkyl-2-oxazolines),35 amphiphilic polyoxazolines,6,10 thermoresponsive nanoparticles based 

on poly(2-alkyl-2-oxazolines) and Pluronic F127,7 PNIPAM-g-PEO,36 and poly(vinyl methyl 

Page 11 of 31

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



ether). 37 The growth of nanoparticles size can be explained by the increasing aggregation 

number of formed nanoparticles. At elevated temperatures, above 50oC, nanoparticle shrinks 

with increasing of temperature due to worsening of the thermodynamic quality of the solvent.   
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Figure 3. (A) Intensity autocorrelation functions for sample C at different angles measured 

by 3D-DLS method T=40 oC, c=0.4 wt.% (B) q2 dependence of the inverse relaxation time of 

the fast mode (τ1) for sample C. Inset: angle dependence of the stretching parameter β1 (C) 

Concentration dependence of apparent diffusion coefficients from 3D-DLS experiments for 

the fast mode (τ1). 
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3D-DLS experiments were conducted to obtain further information on size and 

dynamics of the nanoparticles and to investigate how apparent Rh is changing with increasing 

concentration at 40 °C.  The intensity autocorrelation functions were fitted by double 

stretched exponential function ( ����� �− � 	τ
�
β
� + ����� �− � 	τ��

β�� + � ) from where the 

values of relaxation times were extracted (Figure 3A). Stretching parameters β1 and β2 

describe polydispersity for each mode. The possible range for the β value lasts from 0 (high 

polydispersity) to 1, for an ideal monodisperse case. Experiments were conducted in a broad 

range of scattering angles, corresponding to scattering wave vectors q2 from 0.5 · 1010 to 5.8 · 

1010 cm-2. In vast majority cases, the obtained values for the amplitude for the second mode 

(A2) were negligible (below 0.005). That finding together with chaotic changes of 

polydispersity parameter β2 as a function of angle, sometimes even above 1, led us to 

conclusion to discard the second mode from consideration.  For β1 parameter, we have 

observed monotonous dependence in a range of 0.95-1.0 that indicates low polydispersity of 

nanoparticles (Figure 3B, Inset). The reverse relaxation times plotted for the fast mode (τ1) as 

a function of q2 indicate a diffusive nature of the relaxation process (Figure 3B) since	�� =
������, ref 26. The values of apparent diffusion coefficients were calculated from the slope 

that were later depicted as a function of concentration (Figure 3C). From true values of 

diffusion coefficients calculated by extrapolation to infinite dilution, the true values of 

hydrodynamic radius were calculated for sample A, C, D.  These values were different from 

the ones measured by conventional DLS method (Figure 2). The discrepancy could be 

attributed to the fact that conventional DLS data were measured at finite concentration.  It is 

known38 that in a dilute regime the concentration dependence of a translation diffusion 

coefficient can be written as )1()( 0 ckDcD Dt += .                                                                                                                  

Here kD is a second hydrodynamic virial coefficient which is specific to a particular polymer-
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solvent system and depends on a product of second virial coefficient and molecular weight

υ−−= fwD kMAk 22 . Thus the higher the molecular weights, the higher the kD. Static light 

scattering support the conclusion that molecular weight of nanoparticles formed at 40 °C is 

very high (Table 2, Supporting information). 

Table2. Molecular weight, radius of gyration and second virial coefficient of 

nanoparticles at T=40 
o
C measured by SLS. 

 A B C D 

 SLS SLS SLS SLS 

Mw, 106, Da 8.6 5.8 28 42 
Rg, nm 106 107 137 124 
A2, 10-9 

mol·dm³/g 
-4.3 2.3 0.09 -0.72 

 

 

To get a deeper understanding of the internal structure of nanoparticles, NMR experiments 

were performed. The temperature dependence of a phase-separated fraction p, i.e. amount of 

polymer groups which take part in phase separation, was calculated for different groups 

(Figures 4, 5). The p value calculated for the CH2 of PNIPAM backbone shows different 

behavior as a function of temperature for PNIPAM and PNIPAM-b-PEG-b-PNIPAM 

copolymers (Figure 4). Whereas for PNIPAM, p reaches its highest value in a very narrow 

temperature range, all copolymers have a much broader transition. Microphase separation for 

PNIPAM-b-PEG-b-PNIPAM copolymers is complex - a sharp increase is followed by 

gradual growth. For C (PNIPAM54 – b - PEG79 (D) – b - PNIPAM54) and D (PNIPAM51 – b - 

PEG90 – b - PNIPAM51), a first stage of transition takes place at 30 - 47 oC, with the second 

one at 47 – 60 oC (Figure 4A). For the backbone of block copolymers A (PNIPAM30 – b - 

PEG79 (D) – b - PNIPAM30) and B (PNIPAM38 – b - PEG90 – b -PNIPAM38), the first stage 

occurs at 30-57 oC , the second one at 57 - 60 oC.   
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A comparison of p values for the backbone and pendant groups shows that the main chain 

of all copolymers participates fully in phase separation, while the pendant groups of 

copolymers A and B collapse to the globule on 75% (Figure 4B). Nevertheless, for 

copolymers with longer PNIPAM chains- C and D- the p value at high temperatures shows 

complete phase separation for pendant groups. 
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Figure 4. (A) Temperature dependence of the p-fraction as determined from integrated 

intensities of CH2 band in 1H NMR spectra of PNIPAM backbone. (B) Temperature 

dependence of the p-fraction as determined from integrated intensities of CH band in 1H 

NMR spectra of PNIPAM pendant group. 

Interestingly, PEG chains also participate in the phase-separation process (Figure 5). With 

increasing temperature, up to 30% of PEG groups was involved in phase separation. For the 

copolymers with longer PNIPAM block (C and D), the phase separation parameter for PEG 

groups is higher. 
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Figure 5. Temperature dependence of the p-fraction as determined from integrated intensities 

of PEG chains for block copolymer B and block copolymer D from 1H NMR spectra. 

 

Table 3. 1H spin-spin relaxation times T2 of CH3 protons of a pendant group of PNIPAM, 

HDO molecules and CH2 protons of PEG in D2O solutions of PNIPAM-b-PEG-b-PNIPAM 

triblock copolymers.  

 PNIPAM (s) HDO (s) PEG (s) 
Temperature, 

oC 
A B C D A B C D A B C D 

22 0.16 0.166 0.14 0.13 7.56 2.26 3.04 3.13 0.55 0.51 0.56 0.51 
67 0.25 0.329 0.71 0.24 4.72 4.28 2.90 3.00 1.17 0.91 1.05 0.76 

 

The local mobility data obtained from NMR experiments are in agreement with conclusions 

based on p value. Below the CPT, PEG chains are very mobile and T2 relaxation time is not 

influenced by the presence of the different terminal PNIPAM blocks (Table 3). It is known 

that, 1H spin-spin relaxation time T2 of a specific group is proportional to its mobility, 

therefore PNIPAM chains are obviously much slower than PEG below CPT. The same 

conclusion is valid for the case above the CPT, where the similar difference between the 

relaxation times of PEG and PNIPAM was observed. Here it should be noted that T2 values 

reported in Table 3 for PNIPAM at 67 oC correspond only to a small fraction of groups that 

are still mobile and not involved in phase separation. 

SANS 

SANS experiments were conducted at 25 °C (below CPT) and 40 °C (above CPT). The 

experimental curves for all four samples are presented in Figure 6. The behavior of scattering 

curves at 25 °C was examined first and were showing two features: a significant upturn at low 

q < 0.2 nm-1 and smooth decrease at 0.2 < q < 0.8 nm-1. The scattered intensity for the first 

region for samples A and B at q < 0.2 nm-1 obeys a power low with I ~ q
-3.3 that corresponds 
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to structures with a loose surface (Figure 6A). Scaterrers in samples C and D have sharp 

interface since they manifest classical Porod behavior I ~ q
-4.0 (Figure 6B). The same approach 

in a q range q > 0.2 nm-1 reveals power law of I ~ q
-1.7. This dependency is typical for 

Gaussian chains with excluded volume effects. Thus, it is possible to assume that the SANS 

curves below CPT contain the scattering from two different structures that could be fitted by a 

combination of two contributions - generalized Gaussian chain form factor and mass fractal 

form factor: I(q)=PGGC(q)+PMF(q). The scattering function for the generalized Gaussian coil 

could be written as:  

������� = ���  
��!Г � 12%� − Г �1%� −  ��!Г � 12% ,  � + Г�1% ,  �% � !'  

here,  = �2% + 1��2% + 2� (�)*�+ , and Г � ��!� – Gamma function. 

The mass fractal form factor can be described as: 

�,-��� = 4π���/ 0123ℎ�0, 5� sin	��0��0 0�90:
�  

ℎ�0, 5� = exp	>− 1?�
)*� @ is a cut-off function.  

The choice of Gaussian chain form factor is obvious since we can expect such behavior for 

a single polymer chain below CPT. Concerning mass fractal contribution, there were several 

models which plausibly describe scattering curves at q < 0.2 nm-1, such as polydisperse hard 

spheres, fractal aggregates, etc., however, mass fractal contribution gave the best fitting 

results. The mass fractal contribution is attributed to a small fraction of aggregates observed 

by DLS. Six general parameters were used in the fitting procedure; form factor: 5A� – radius 

of gyration of chain, ν – excluded volume parameter or Flory exponent and ���  – forward 

scattering of chain, and mass fractal form factor with parameters: ��� – forward scattering of 

fractal aggregates, 5A�   – radius of gyration of fractal aggregates, D – fractal dimension. 

Results from the fit of experimental curves are shown in Table 4 and Figure 7. 
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Figure 6. SANS data for PNIPAM-b-PEG-b-PNIPAM copolymers at 25 °C and 40 °C. (A) 

block copolymers A and B  (B) block copolymers C and D.  

 

 

 

Table 4. Fitting parameters for copolymers at 25 °C. 

 A B C D 

Form Factor: Generalized Gaussian Coil 5A�, nm 3.5±0.1 4.3±0.3 2.1±0.1 4.8±0.1 
ν 0.8±0.2 0.58±0.07 0.6±0.2 0.62±0.08 ��B , cm-1 0.06±0.01 0.17±0.01 0.04±0.01 0.19±0.02 

Structure Factor: Mass Fractal 5A�, nm 66.7±0.1 97.5±0.1 105.0±0.1 105.8±0.1 
D 2.58±0.02 2.51±0.02 2.75±0.01 2.78±0.01 ��� , cm-1 34.4±0.1 82.9±0.1 1170±1 1832±1 

 

Page 18 of 31

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



0,1 1

10
-2

10
-1

10
0

10
1

10
2

0,1 1

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

 sample A; T=25 
o
C

 fitting

 mass fractal

 single chain

 

 

I 0
, c

m
-1

q, nm
-1

 sample B; T=25 
o
C

 fitting

 mass fractal

 single chain

 sample C; T=25 
o
C

 fitting

 mass fractal

 single chain

 

 

I 0
, c

m
-1

q, nm
-1

 sample D; T=25 
o
C

 fitting

 mass fractal

 single chain

 

Figure 7. SANS data for polymers at 25 °C with results from the fitting procedure. Solid 

lines are fits. 

 

The data obtained from the fitting procedure with those that coming from the description of 

chemical structure can now be compared. Several dependences could be pointed out. These 

features could be analyzed on different levels: on the level of single polymer chain, individual 

scatterers or entire particles. We shall begin our consideration with the level of polymer 

chain. While for the low molecular weight polymers (A and B, roughly 10-12 kDa), the 

variation in the length of thermoresponsive and hydrophilic block does not have significant 

effect on the gyration radius of single polymer chain, and the opposite was observed when 

molecular weight of polymer exceed 15 kDa (C and D). Thus, if we take the dimension of 

low molecular weight polymers as a reference, it becomes clear that the increase in the length 

of thermoresponsive block results in the formation of a more compact structure, even at 

temperature below the transition point. On the contrary, the increase in the length of 
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hydrophilic block leads to a growth in the dimensions of polymer chain. The Flory exponent 

value of around 0.6 obtained from Generalized Gaussian Coil model for all polymers can be 

attributed to a swollen conformation of the polymer chain; water is a thermodynamically 

good solvent for our solutions at that particular temperature. Another feature appears when 

we compare the radius of individual scatterers from the structure factor with the 

corresponding radius of gyration of polymer chain from the form factor (Table 4). While 

these values are close to each other for polymers C and D, the values from structure factor for 

polymers A and B exceed the values from form factor at least in two times. One can assume, 

the excluded volume has to be taken into account when the polymers A and B are analyzed. 

Interestingly, the inverse correlation occurred, if we compare the content of PNIPAM groups 

in polymer with dimension of individual scatters taken from the fitting results. The longer the 

PNIPAM block is, the smaller size of single scatter was determined. At the same time, on the 

level of whole particle, there is a well-defined relation between number of PEG units and 

dimension of whole aggregate. The increase in the length of PEG block results in increase in 

the size of entire aggregates. These aggregates are characterized by 2.5-2.7 fractal dimension 

that corresponds to the loose cluster objects. 

If we apply the same strategy to the analysis of scattering curves recorded at 40 °C, one 

more feature should be considered in the interpretation of the experimental data; the shoulder 

appears at 0.03 < q < 0.2 nm-1. This shoulder is visible for every polymer and can be analyzed 

as a result of the transition process from a molecular state of polymer at 25 °C to an aggregate 

state at 40 °C. It has to be mentioned, the appearance of this shoulder in the scattering curve 

diminishes partly the first region,  where the significant decrease in intensity was observed 

recently for curves at 25 °C, but it is still detectable at q < 0.03 nm-1. Thus, there are three 

distinct regions here: q < 0.03 nm-1, 0.03 < q < 0.2 nm-1 and q > 0.2 nm-1. Application of the 

power law in this case gives the following results: I0~q-1.4 for q > 0.2 nm-1. Definition of the 
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power law at values of q less than 0.03 nm-1 is complicated by the presence of only a few 

points in the region. Therefore, one can conclude that we are dealing with a very similar 

system. The only differences are a more compact sphere and stretched polymer chains in this 

particular case. For the purpose of quantitative analysis several different models have been 

tried for fitting. All of these models were a combination of certain form factor with 

MassFractal structure factor. Among form factors which were applied, i.e.: hard sphere, 

generalized Gaussian coil, sphere with exponential shell, sphere with attached Gaussian 

chains, Dozier model, the Beucage model, the only model was successful in describing the 

behavior of scattering curves was the Beucage mode39 (Figure 8, Table 5). 
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Figure 8. SANS data for every single polymer at 25 and 40 °C. Solid red lines are fits by the 

Beucage model. Inset for sample D: separated contributions according to the Beucage  model. 

 

Table 5. Fitting parameters for copolymers at 40 °C. 
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Fitting parameter 
of Beucage 

model 

A 
d-PEG  

B 
h-PEG 

C 
d-PEG 

D 
h-PEG 

G 278 2061 15057 58845 
B (1.2±1.0)·10-4 (1.30±0.05)·10-2 (4±1)·10-3 (3.5±0.1)·10-3 
Gs 6.2±0.2 1.60±0.03 40.2±0.2 80.18±0.01 
Bs (1.6±0.1)·10-2 (3.5±0.1)·10-2 (1.7±0.1)·10-2 (2.3±0.1)·10-2 

RLS, nm 156.5±0.2 203.9±0.1 184.6±0.1 221.5±0.1 
Rsub, nm 20±1 25.17±0.01 14.54±0.04 16.9±0.1 
Rs, nm 19.5 15.88±0.02 24.27±0.02 22.8±0.1 

D 3.4±0.1 2.3±0.1 2.9±0.1 3.15±0.02 
Ds 1.17±0.03 1.46±0.01 1.58±0.04 1.80±0.03 
χ2 67.9 69.4 98.6 106.7 

 

     The Beucage  model describes fractal aggregates consisting of smaller particles:  

�C���� = D��� E−��5FG�3 I + ����E− ��5BJK�
3 ILMerf	��5B/√6�S3� T

1
+ DB��� E−��5B�3 I

+ �B LMerf	��5B/√6�S
3

� T
1U

 

The fitting parameters for the model are G - the Guinier pre-factor of the larger structure, B – 

a pre-factor specific to the type of power-law scattering, Gs - the Guinier pre-factor of the 

smaller structure, Bs - a pre-factor specific to the type of power-law scattering, RLS- large-

scale structure,  Rsub - surface-fractal cut-off radius of gyration,  Rs- size of small subunits, D - 

scaling exponent of the power law assigned to the larger structure Rg, Ds - scaling exponent of 

the power law assigned to the smaller structure Rs. 

There are nine fitting parameters in the Beucage model described above, and whilst all values 

obtained from the fitting procedure are rationalisable, we cannot completely exclude the 

possibility that another model could also describe the SANS data. This hypothetical model 

should have a similar hierarchical structure, in order to describe such a complex system.     

     At 40 oC,  nanoparticles made of copolymer A and C have overall radius of 156 and 185 

nm, respectively, consisted of small 20.3 and 14.5 nm particles, that are arranged inside of a 

fractal with scaling power law 3.36 and 2.89 (surface fractal). Inside of small particles, they 

behave as polymers with some excluded volumes effect (scaling power laws are 1.17 and 

1.58) (Figure 9). Nanoparticles made of copolymers B and D are somewhat bigger than the 

ones composed of A and C due to protonated PEG.   

NMR, DLS, and SANS data together provide an opportunity to describe nanoparticles 

formation in details. Below CPT, triblock copolymers exist in solution as single molecules 
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together with a small fraction of large aggregates as it nicely seen by DLS and SANS. 

Analysis of T2 data from NMR shows that PNIPAM blocks are less mobile in comparison 

with a middle PEG block.  Formation of nanoparticles starts from occurrence of small 

domains formed by PNIPAM blocks since they disappear from NMR spectrum. In contrast 

with pure PNIPAM, nanoparticles formation for PNIPAM–b-PEG–b-PNIPAM expands over 

broader temperature range and such broadening depends on the length of PEG chain.  p-

fraction value extracted from NMR data proves that mobile PEG chains significantly retard 

fast phase separation process. Nevertheless, at temperature much higher than CPT up to 100% 

of all PNIPAM monomers could be inside of domains. The overall structure of nanoparticles 

formed above CPT could be described on a large scale a surface fractal structure. PNIPAM 

domains were visualized by SANS contrast variation study by using deuterated PEG block.  

 

 

Figure 9. Hypothetical structure of nanoparticles above CPT. 

 

CONCLUSIONS 

For the first time, the onset of nanoparticles formation above CPT of PNIPAM –b-PEG –b-

PNIPAM block copolymers have been analyzed in aqueous solutions in depth. The findings 

can be summarized as follows:  below CPT, triblock copolymers exist in solution as single 

molecules together with a small fraction of large aggregates. PNIPAM blocks are less mobile 

in comparison with a middle PEG block.  Formation of nanoparticles with hierarchical 

structure was observed above CPT. The nanoparticles could be described on a large scale a 
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surface fractal structure. On a short scale nanoparticles consist of small domains of partially 

phase-separated PNIPAM blocks interconnected by mobile PEG chains.  Such domains were 

visualized by SANS contrast variation study by using deuterated PEG block. Further increase 

in temperature above CPT leads to higher immobilization of PNIPAM blocks inside of 

domains up to 100% of all monomer units.  
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