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studies by neutron reflectivity 
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The development of effective transdermal drug delivery systems based on nanosized polymers requires a better 

understanding of the behaviour of such nanomaterials at interfaces. N-isopropylacrylamide-based nanogels synthesized 

with different percentages of N,N′-methylenebisacrylamide as cross-linker, ranging from 10 to 30%, were characterized at 

physiological temperature at the air/water interface, using neutron reflectivity (NR), with isotopic contrast variation, and 

surface tension measurements; this allowed us to resolve the adsorbed amount and the volume fraction of nanogels at the 

interface. A large conformational change for the nanogels results in strong deformations at the interface. As the 

percentage of cross-linker incorporated in the nanogels becomes higher, more rigid matrices are obtained, although less 

deformed, and the amount of adsorbed nanogels is increased. The data provide the first experimental evidence of 

structural changes of nanogels as a function of the degree of cross-linking at the air/water interface. 

Introduction 

The past decade has seen nanomaterials receive increasing 

attention in theoretical studies on soft matter and in applied fields
1
, 

especially in biomedical applications
2
. Organic polymeric 

nanoparticles have attracted great interest, due to the possibility of 

tailoring their chemical structure and physico- and chemical 

properties to specific applications. Among the different polymeric 

nanoparticles that have been investigated
3,4

, nanogels offer 

attractive features. They are covalently cross-linked polymers, 

characterized by small size, high surface-to-volume ratio and the 

ability to create stable colloidal solutions in the appropriate solvent 

system
5,6

, combining properties of typical colloids with the soft 

character and responsiveness of gels
7
. Of particular interest has 

been the development of such gels that exhibit a phase transition in 

response to changes in temperature, pH, ionic strength and light, 

among others, and which are frequently reported in the literature 

as “switchable” or “smart” materials
8,9

. The choice of stimuli 

depends on the application, with temperature being one of the 

most frequently investigated
10

. 

N-isopropylacrylamide (NIPAM) is a monomer that has been 

extensively studied and used for the development of a large 

number of polymeric matrices that display thermoresponsiveness
11

 

at different temperatures, depending on the chemical structure of 

the system. In its linear form poly(N-isopropylacrylamide) (PNIPAM) 

has a lower critical solution temperature (LCST) around 32°C, which 

can be significantly tailored to higher and lower values by the 

addition of comonomers and cross-linkers. In addition to their 

ability to adjust conformation with temperature, NIPAM-based 

polymers can adsorb at interfaces (fluid/solid and fluid/fluid) and be 

surface active (i.e. lower the surface tension of water)
12

. Given the 

importance of fluid interfaces both in nature and industry, surface 

active materials are intensively studied for a number of 

applications, ranging from nanomedicine and drug delivery to fine 

chemistry and the oil industry
13

.  

The development and use of NIPAM-based nanogels to stabilize 

interfaces has already been reported
14,15

, although the stabilization 

and destabilization mechanisms involved using such matrices are 

still the object of fierce debate
12,16,17

. An understanding of how 

these particles stabilize a given interface and the resolution of their 

conformations at the surface are important issues that would help 

the optimization of the use of these nanoparticles in specific 

applications. Despite a number of studies on adsorbed NIPAM-

based microgels reported in the literature
18,19

, the process of 

controlling adsorption is still not well understood. There also exists 

a dearth of experimental data on the adsorption dynamics of these 

particles at fluid interfaces. Thus the investigation of the behaviour 

of nanogels at interfaces is of great importance. 

To date, most of the studies on the interfacial properties of thermo-

sensitive polymers focussed on linear PNIPAM
17,20

. A few of the 

existing works on the interfacial behaviour of NIPAM microgels are 

based on surface tension measurements
19,21

, particle-tracking and 

surface compression rheology
22

. These studies have given useful 

information on kinetics and general insight into the adsorption 

process of gel particles, although information concerning the 

structure of the adsorbed layer was not obtained. To get more 

direct and detailed data on nanoparticles behaviour at interfaces 
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neutron reflectivity (NR) has proved to be a sensitive technique. 

Recently NR was successfully used to determine contact angle and 

adsorption energies of nanoparticles at air-liquid interface
23

. 

Furthermore NR studies of linear PNIPAM at air/water interfaces 

has revealed that the polymer forms a thin layer (~1.5 nm) with low 

water content in contact with air at temperatures below the LCST
24

. 

A more dilute layer extending toward the bulk solution with a 

thickness of up to the radius of gyration of the polymer is located 

next to this near-surface layer
25

.  

Continuing our work on the synthesis of polymeric organic nanogels 

and their characterization
5,26

 supported by NR studies
27

, we 

developed an interest in the use of such nanogels as delivery 

systems targeting the skin. The large surface area of the skin offers 

a non-invasive, patient friendly administration route to the blood 

system that helps to avoid first pass metabolism and maintain 

steady plasma concentration of the drug. Despite considerable 

efforts, results to date on materials that can effectively cross the 

Stratum Corneum of the skin are not satisfactory for clinical 

purposes. It is crucially important to understand the behaviour of 

nanoparticles at the interface to design novel delivery systems with 

improved skin penetration efficiency. Hence studying these systems 

at the air-water interface would be the first step in that direction.  

We present here our recent findings on the synthesis and 

characterization of N-isopropylacrylamide nanogels crosslinked with 

N,N′-methylenebisacrylamide (MBA) and on the evaluation of their 

behaviour at the air/water interface. We explore the impact of the 

nanogel morphology (determined by the amount of cross-linker) on 

the adsorption kinetics and adsorbed amount at physiological 

temperature. We report also an in-depth study of the structure of 

the adsorbed nanogel layer at the air/water interface and correlate 

it with the nanogel surface activity. 

Materials and methods 

Materials 

N-isopropylacrylamide (NIPAM, 97%), N,N′-methylenebisacrylamide 

(MBA, 99%) and D2O were purchased from Sigma Aldrich and used 

as provided. 2,2′-Azobis(2-methylpropionitrile) (AIBN, 98%, Sigma 

Aldrich) was recrystallized from methanol. Anhydrous dimethyl 

sulfoxide (DMSO, 99.8%) was purchased from Alfa Aesar. 

Deuterated N-isopropylacrylamide with seven deuterium atoms in 

the isopropyl groups (NIPAM D7) was obtained from Polymer 

Source (Canada). Dialysis membrane (MWCO 3500 Da) was 

purchased from Medicell International Ltd. The ultrapure deionized 

water was prepared by the Purelab option water purification 

system (Elga). 
 

Nanogel synthesis 

Nanogels were obtained with the following standard procedure 

previously reported
5
. NIPAM and MBA in different ratios (see Table 

1) were dissolved in the required volume of DMSO, as solvent, to 

give CM = 1% (CM represents the critical monomer concentration, at 

which micro-gelation rather than macro-gelation occurs). AIBN was 

added to the solution in a Wheaton bottle, which was sealed, 

degassed and flushed with nitrogen at least five times. The reaction 

was initiated by placing the bottle at 70C for 24 hours.  

Table 1. The composition and polymerization yield (Y) of 

NIPAM and NIPAM D7 based nanogels 

sample 
% mol 

monomer 
% mol 
MBA 

Y, % 

10 MBA  90 10 72 

20 MBA  80 20 66 

30 MBA  70 30 69 

50 MBA  50 50 60 

10 MBA D7 90 10 77 

20 MBA D7 80 20 65 

30 MBA D7 70 30 70 

50 MBA D7 50 50 52 
MBA – N,N′-methylenebisacrylamide, Y – polymerization yield 

The clear solution was dialyzed (MWCO 3500 Da) against deionized 

water for 3 days with frequent changes, followed by freeze-drying 

(Labconco freeZone 6) to give white flakes. Deuterated nanogels 

were synthesized following the same procedure, but using NIPAM 

D7 as monomer.  

Dispersions of nanogels were prepared by weighing the desired 

amount of material in the required solvent, followed by sonication 

of the solution for 2 minutes at room temperature. For comparison 

purposes linear polymers (0% MBA) were prepared as well. Nanogel 

solutions are prepared by weight as opposed to molar 

concentration given the uncertainty in determining the molecular 

weight. 
 

Nanogel characterization 

Dynamic light scattering (DLS) measurements of the nanogel radius 

were performed with a Zetasizer Nano ZS from Malvern 

Instruments. Measurements were carried out in triplicate on freshly 

prepared dispersions (concentrations of 1.0 mg ml
-1

) filtered 

through a 0.2 μm syringe filter. These nanogels have the potential 

for biomedical applications; hence measurements were carried out 

close to physiological temperature (309 K).  

The density of the dry nanogels, ρ, was estimated by volume by 

means of an AccuPyc 1330 helium pycnometer (Micrometrics). The 

samples were weighed on an analytical balance, and their volume 

was obtained from the difference of the helium pressure inside the 

empty chamber and chamber filled with the sample.  

The structure of the nanogels was characterized by atomic force 

microscopy (AFM) and transmission electron microscopy (TEM). For 

the imaging, the gel particles were deposited on a support (polysine 

coated microscopy slides, for AFM or on a copper grid for TEM) and 

dried overnight. AFM imaging was carried out using the ultra-low-

amplitude tapping mode on a Veeco Dimension 3100 AFM with the 

scanning speed of 0.5 Hz and a low-resonance-frequency pyramidal 

silicon cantilever resonating at 300 kHz (force constant: 40 N/m). 

The TEM images were obtained using a JEOL JEM-1230 microscope 

and the samples were viewed at an accelerating voltage of 80 kV. 

The surface tension measurements were performed using a Krüss 

K9S (C11227) Wilhelmy plate tensiometer at 309.0 ± 0.1 K. Freshly 

prepared nanogel suspensions equilibrated at 309 K (concentration 

of 5 x 10
-3

 mg ml
-1

) were poured carefully into the thermostated 

tensiometer trough. The surface tension values were then recorded 

as a function of time at 1 minute intervals.  

The optical transmittance of nanogels (concentration of 1.0 mg ml
-

1
) in deionized water was measured at 500 nm at temperatures 
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ranging from 20°C to 65°C with a Cary 100 UV-vis 

spectrophotometer (Ailent Technologies) to estimate the volume 

phase transition temperature (VPTT) of the specimens. The 

temperature of the sample solution was adjusted by a temperature 

controller (Carry). The optical path length of the sample was 10 

mm. 
 

Neutron reflectivity, NR 

The neutron reflectivity measurements were carried out using the 

FIGARO reflectometer at the Institut Laue-Langevin (ILL), Grenoble, 

France
28

. The reflectivity R(Qz) was measured using the time-of-

flight technique as a function of momentum transfer normal to the 

interface Qz = (4π sin θ)/λ, where θ is the grazing angle of incidence 

of neutrons with wavelength λ. The neutron reflectivity profiles 

were measured at incident angles of θ = 0.624° and 3.78° (λ = 2–30 

Å) providing a wide Qz range. The sample was under-illuminated 

with a constant resolution δQ/Q ≈ 8%. All measurements were 

conducted at T = 309 ± 1 K (below the nanogel transition 

temperature). The background around the specular reflection peak 

was subtracted by the use of the 2D detector on FIGARO.  

Protonated (NIPAM) and deuterated (NIPAM D7) nanogel 

dispersions were prepared at a concentration of 5 x 10
-3

 mg ml
-1

. 

D2O and null reflecting water, NRW (8.1% vol of D2O in H2O giving a 

scattering length density equal to zero) were used as an aqueous 

sub-phase.  

 

NR data analysis 

NR is a technique sensitive to the neutron refractive index profile 

normal to an interface, Nb(z), averaged over the probed sample 

region (several cm
2
)

29
. If the sample does not contain strong 

neutron absorbers (e.g. cadmium or boron), the neutron refractive 

index can be expressed as: 

Nbn





2
1)(

2


                                                                          (1) 

where N is the atomic number density and b the coherent 

scattering length. The multiple Nb, referred to as the scattering 

length density, varies linearly with the volume fraction composition: 


i

ii NbNb                                                                                   (2) 

where 
i is the volume fraction and 

iNb  the scattering length 

density of component i , respectively. Possibly the main advantage 

of neutron reflectivity is that the scattering length b varies with 

different elements and in particular with different isotopes (e.g. for 

hydrogen bH = −3.74 fm and deuterium bD = 6.67 fm). By changing 

the isotopic ratio, the Nb of the molecule can be adjusted to match 

that of other components in the system or to maximize the 

difference in refractive index. This approach is known as the 

isotopic contrast variation method. 

The data were first normalized and the residual background of 10
–7

 

was derived from a least squares fit to an air/D2O measurement 

using a capillary wave roughness value of 2.5 Å. Data were fitted 

using the optical matrix method
30

. The interface is represented by 

models of discrete layers, with each layer having a characteristic 

thickness (d), composition (Nb) and interlayer roughness (σ) 

corresponding to regions with different chemical compositions. The 

NR data analysis was carried out using two different strategies. In 

the first step the reflectivity data from the H and D nanogels in 

NRW recorded at the lower incident angle were analysed in a 

reduced wavelength range of 4.5–14 Å (Qz-range of 0.01–0.03 Å
–1

, 

Fig. S1). In this restricted Qz-range, the scattering excess of the 

adsorption layer is highly insensitive to details of the structural 

model used, hence its analysis results in a precise measure of the 

adsorbed amount
31,32

. This model was used to fit the kinetic 

adsorption data and to obtain the surface excess values,  , which 

are proportional to the product of the fitted scattering length 

density Nbfitted and thickness of the adsorption layer, d, given by
33

: 

A

fitted

Nb

dNb




                                                                                  (3) 

where NA is Avogadro’s number and b is the mean scattering length 

of the adsorbed species. For the nanogels, this can then be written 

as: 

dpolymer                                                                           (4) 

where ρ is the physical density of the polymer and  polymer is the 

polymer volume fraction calculated from the ratio between the 

fitted value of Nbfitted and the theoretical scattering length density 

of the polymer (Nb). A single layer model was used to fit the data 

solely for the purpose of estimating the surface excess using the 

program Motofit
34

. The Nbfitted of the layer was fitted with the a 

nominal layer thickness of 20 Å and inter-layer roughnesses of 4 Å. 

However given that the adsorbed amount is calculated from the 

product of the scattering length density and layer thickness, the 

nominal value chosen for the layer thickness has a minimal 

influence on the product. To demonstrate this point we have fitted 

data for 20% MBA sample with different layer thicknesses of 10 Å, 

20 Å and 40 Å and the variation in the adsorbed amount is < 2.4 %. 

In the second step, a more detailed fitting of the data was carried 

out to ascertain structural information over the full Qz-range. Data 

were fitted for a total of four different contrasts (NIPAM 

protonated and NIPAM D7 nanogels, both in NRW and D2O as the 

aqueous sub-phase). A minimum two layer model for the linear 

polymers and a three layer model for the nanogels were needed to 

fit all the contrasts consistently. The first layer was composed of 

solvent, air and polymer. The other one or two layers consisted of 

polymer and the aqueous sub-phase. The fitted parameters 

obtained were then used to estimate the volume fractions of 

polymer ( polymer) and water ( water) of the layers.  

Results and discussion 

The aim of these studies was to contribute to the understanding of 

the relationship between the percentage of cross-linker in NIPAM-

based nanogels and their properties, such as particle size, surface 

activity and structural conformation at the air/water interface. In 

order to do this a series of nanogels with varying degree of cross-

linker (MBA) were synthesized (details shown in Table 1) by high 

dilution radical polymerization, a method that does not require the 

use of surfactants and prevents particle-particle reactivity whilst 

favouring intramolecular cross-linking. In addition, the use of 

different total monomer concentrations (CM) allows a control on the 

degree of polydispersity and particle size. Nanogel particles were 
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Table 2. Characterization of NIPAM and NIPAM D7 based nanogels 

together with calculated values of nanogels scattering length 

density, Nb 

sample 
d by AFM,  

nm 

dh by 

DLS, nm 
PdI 

ρ,  

g ml-1 

VPTT,  

C 

Nb  

x 10-6 Å-2 

10 MBA  18.7 ± 4.1 9.1 ± 0.4 0.28 1.4 39 1.18 

20 MBA  23.6 ± 4.6 11.3 ± 0.6 0.32 1.5 40 1.42 

30 MBA  28.8 ± 5.8 15.8 ± 0.5 0.24 1.6 38 1.66 

50 MBA  52.4 ± 2.2 40.2 ± 1.0 0.17 1.9 31 2.28 

10 MBA D7 nd 7.0 ± 0.4 0.29 1.4 48 5.60 

20 MBA D7 nd 8.2 ± 0.6 0.35 1.5 47 5.50 

30 MBA D7 nd 15.2 ± 0.4 0.28 1.6 47 5.36 

50 MBA D7 nd 36.0 ± 0.8 0.19 1.9 nd 5.26 

d - nanogel diameter, dh - nanogel hydrodynamic diameter via volume, PdI - polydispersity index 

measured by DLS (SD not higher that 0.03), ρ - density of dry nanogels, VPTT - volume phase transition 

temperature, Nb - theoretical neutron scattering density, nd - not determined 

 

obtained with good chemical yields and sizes significantly smaller 

than those previously reported
21

. As determined by DLS (Table 2), 

the size of nanogels increased with the amount of MBA and was 

equal to 9 nm for 10% MBA particles and 40 nm for 50% MBA. This 

trend is the same as that reported for NIPAM MBA cross-linked 

microgels
21,35

. All nanogels were approximately circular in 

appearance as determined by AFM and TEM (see Fig S2 and S3). 

The cross-section analysis of AFM images was performed and height 

and width values were determined. Nanogels immobilized on the 

surface of the substrate exhibited a flattened shape, consistent with 

previous findings
36,37

, with average particle height (between 3 and 8 

nm) values being much smaller than their diameter (Table 2). The 

difference in particle size obtained by DLS (in the bulk) and AFM 

(particles deposited on the support) can be related to the different 

nature of these characterization techniques, with DLS providing an 

estimate for the fully solvated hydrodynamic sizes while AFM gives 

the size of the collapsed nanogels exposed to air. The values of 

polydispersity index (PdI) for these systems are also obtained by 

DLS and are given in Table 2. The data show that higher 

concentrations of cross-linker result in a less broad size distribution.  

To gain additional sensitivity to the nanogel structure at the air-

water interface for the NR experiments, the corresponding 

deuterated (NIPAM D7) nanogels were also synthesized and fully 

characterized prior to the neutron experiments. The H and D 

nanogels were obtained with similar yields and were found to have 

similar sizes and morphology. These results suggested that the use 

of isotopic substitution does not significantly influence polymer 

structure (Table 2, Fig. S2). Studies of VPTT for all nanogels suggest 

that the percentage of cross-linker influences the temperature at 

which the polymer transition occurs (Table 2), as expected given the 

increase in structure rigidity. At the same time the significant effect 

on VPTT was observed when changing H in monomer isopropyl 

group to D.  

The data for both H and D nanogels indicate that when the 

percentage of cross-linker is below or equal to 30%, the 

characteristics of the materials are comparable. When nanogels are 

prepared with 50% MBA their properties are significantly different. 

In particular the size of the nanoparticles is more than double 

compared to those with lower concentrations of MBA, and the 

density of dry polymer is noticeably increased. This suggests that 

whilst the cross-linker content is high, the rigidity of the polymer 

network takes a dominant role in determining properties. For these 

reasons it was decided to focus the interfacial studies only on 

nanogels with lower amounts of cross-linker (up to 30%), which 

have much more similar morphologies in the bulk.  

 

Surface behaviour 

Adsorption kinetics. The surface pressure ( ) deduced from 

surface tension measurements of NIPAM and NIPAM D7 nanogel 

dispersions at air/water interface as a function of square root of 

time is shown in Fig. 1a and 1b. The surface pressure profiles overall 

are lowered as the percentage of cross-linker increases. This is 
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Fig. 1. Adsorption kinetics of NIPAM (a) and NIPAM D7 (b) nanogels 

at the air/water interface with varying amounts of cross-linker as 

measured by surface tension (vertical lines refers to t98) and the 

time taken for the samples to reach equilibrium as a function of 

cross-linker (c). The bulk nanogel concentration is 5 x 10
-3

 mg ml
-1

. 
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Fig. 2. Adsorption kinetics of NIPAM (a) and NIPAM D7 (b) nanogels 

at the air/water interface with varying amounts of cross-linker as 

measured by NR. Values at 160 min correspond to values at 

equilibrium. The bulk nanogel concentration is 5 x 10
-3

 mg ml
-1

. 

 

indicative of a reduction in the surface activity of the nanogels. The 

rate of equilibration also increases as a function of cross-linker 

content in nanogels [10% MBA > 20% MBA > 30% MBA]. The time 

to reach equilibrium (expressed as the time to reach the 98% of 

final   value, t98) was elongated almost four times when amount 

of MBA increased from 10 to 30% (Fig. 1c). This observation may be 

rationalized in terms of the size dependence of the diffusion 

process. The diffusion coefficients in the bulk can be estimated 

using the Stokes-Einstein equation; for the 10% MBA (radius of 4.5 

nm) ≈ 7.0 x 10
-11

 m
2
 s

-1
 while for 30% MBA (radius of 7.9 nm) ≈ 4.0 x 

10
-11

 m
2
 s

-1
. A similar relationship between the adsorption kinetics 

and amount of incorporated cross-linker was observed by Zhang 

and Pelton
21

 for NIPAM-based microgels (radius of 270 – 325 nm) 

cross-linked with MBA, although the reported equilibration times 

for these microgels were much longer due to their much larger 

sizes. 

The neutron reflectivity profiles as a function of time for the 

nanogels at the air/NRW interface were measured and the data 

were fitted to a single layer model. The fitted parameters were then 

used to calculate the surface excess (eq. 4) as a function of time 

(Fig. 2). Both the NR and surface pressure data show that the linear 

polymers reach adsorption equilibrium at the fastest rate (data not 

shown). The protonated and deuterated nanogels also show the 

same trend as surface pressure data – equilibration time is 

increased with increased amount of cross-linker. However, the 

equilibration of NIPAM D7 nanogels takes slightly longer than its 

corresponding protonated ones (compare   values at equilibrium). 

This may be attributed to different bonding energies for H and D, 

resulting in a different rate of dehydration, as previously 

suggested
38

. 

The adsorption of nanogels at the air/water interface involves two 

processes: diffusion of particles towards the interface, followed by 

a subsequent conformational change of the molecules at the 

interface. The first stage is size dependent, whilst the second stage 

is the result of balancing the hydrophobic and hydrophilic moieties 

(unfolding of polymer chains to optimal configuration) in order to 

minimize the free energy at the interface. This latter process is 

driven by the mobility of the individual polymer segments and is 

influenced by the cross-linker density. Lower degree of cross-linking 

means the structure can deform (collapse) at the interface more 

effectively and re-orient the hydrophobic moieties towards the air 

much faster. These changes are more restricted as the amount of 

MBA increases and the structure become more rigid (30% MBA 

nanogels). The two steps of adsorption of NIPAM based microgels 

were previously reported in the literature
19-21

. It should be noted 

that equilibration times deduced from the NR data are much longer 

than those obtained from the surface pressure measurements. This 

can be explained in terms of the different sensitivities of these 

techniques. The surface tension is sensitive primarily to the material 

present at the interface adjacent to the air due to the change in 

structure of the surface water; it is only minimally affected by the 

interactions of particles from the bulk with extended layer 

morphology due to the high molecular weight of the nanogels. 

The penetration power of NR allows a much deeper layer away 

from the interface to be probed. Hence as well as a surface 

monolayer, material in the underlying adjacent layer will also 

contribute to the surface excess and thus to the equilibration time. 

The driving force for this process may be the heterogeneity of 

nanogels as reported in the literature
21

. 

 

Adsorbed amount. As it was reported before
16,19

, the adsorption 

process of nanogels in its initial stage is controlled by the diffusion 

of particles from the bulk. This is then followed by a much slower 

reconfiguration of the gels at the interface as described above.  

Unlike in a surfactant monolayer, the adsorption/desorption 

dynamics of cross-linked nanogels are slow, so it is not evident if 

steady state interfacial properties represent true equilibrium. As  
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Fig. 3. Surface excess,  , of NIPAM (○) and NIPAM D7 (∆) nanogels 

with different amount of cross-linker as determined by NR. The bulk 

nanogel concentration is 5 x 10
-3

 mg ml
-1

. 

 

such, the application of Gibbs equation to calculate the adsorbed 

amount from measurements of the surface tension with respect to 

the bulk concentration is not valid. Therefore NR is a valuable 

method for estimating the adsorbed amount. 

 

The NR data for nanogels at the air/NRW interface were first fitted 

to a simple one-layer model, as described in the experimental 

section. The fitted parameters for the scattering length density and 

the layer thickness were then used (eq. 4) to calculate the surface 

excess ( ). The surface excess as a function of % of cross-linker is 

shown in Fig. 3. In order to validate the experimental approach, 

values of   for linear PNIPAM, prepared with both H and D 

monomers, were measured and found to be around 1.5 mg m
-2

, 

which are in close agreement with literature data for protonated 

NIPAM spread on a Langmuir trough measured by elipsometry
39

 

and for NIPAM D7 as measured by NR
24

.  

The adsorbed amount of nanogels is greater than that of the linear 

polymer and depends strongly on MBA content – it increases with 

amount of cross-linker. As the cross-linker concentration increases, 

this results in increased hydrophobicity of the nanogel and a higher 

adsorbed amount. This trend is the same for both the H and D 

nanogels; however, there is a considerable difference between the 

adsorbed amounts of the two polymers, which increases with the 

percentage of cross-linker. The protonated nanogels showing higher 

values compared to the deuterated counterparts (with   = 2.67 

mg/m
2
 for 30% MBA and 1.96 mg/m

2
 for 30% MBA D7). It is 

important to note that the surface excess is a function of 

temperature and all measurements in this paper were carried out 
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Fig. 4. Neutron reflectivity profiles of NIPAM (a) and NIPAM D7 (b) nanogels at the air/NRW (upper panel) and air/D2O (lower panel) 
interfaces. The bulk nanogel concentration is 5 x 10

-3
 mg ml

-1
. The solid lines are fits to the data. The profiles are shifted by factors of 10 for 

the purpose of clarity and the insets show the data not shifted. 
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Table 3. Summary of model fits of NR data of NIPAM and NIPAM D7 nanogels at the air/water interface 

sample 
d(Å) Nbfitted (10-6 Å-2) σ (Å) d (Å) Nbfitted (10-6 Å-2) σ (Å) 

air/null reflecting water air/D2O 

0 MBA  

7 0.99 4 7 1.86 4 

20 0.27 10 20 5.65 10 

- - - - - - 

10 MBA  

14 0.75 4 14 2.05 4 

10 0.37 5 10 6.19 6 

15 0.17 3 15 5.62 3 

20 MBA  

14 0.88 5 14 2.50 5 

18 0.42 6 18 6.26 6 

13 0.20 3 13 5.65 3 

30 MBA  

17 0.94 8 17 3.09 8 

26 0.49 7 26 6.31 7 

10 0.24 5 10 5.69 5 

0 MBA D7 

7 5.79 4 7 5.63 4 

20 0.72 10 20 6.32 10 

- - - - - - 

10 MBA D7 

14 3.55 4 14 4.74 4 

10 0.49 5 10 6.29 6 

15 0.79 3 15 6.24 3 

20 MBA D7 

14 3.41 5 14 5.03 5 

18 0.44 6 18 6.28 6 

13 0.78 3 13 6.23 3 

30 MBA D7 

17 3.04 8 17 5.19 5 

26 0.45 7 26 6.23 7 

10 0.76 5 10 6.21 5 

d – layer thickness ± 1 Å, Nbfitted –fitted scattering length density, σ – roughness 

 

at a physiological temperature of 309 K. However, the VPTT values 

are different for the H and the D nanogels, hence the deviation in 

the measured values of . This is discussed later in the context of 

isotope effects resulting in different bonding energies.  
 
Nanogel structure at the interface. The neutron reflectivity profiles 
for both H and D nanogels with different % of cross-linkers were 
measured at the air/NRW and air/D2O interfaces to ascertain 
detailed structural information about the nanogels, Fig. 4. Although 
PNIPAM, a linear polymer, is a very different type of material from 
the cross-linked nanogels, it was included in this analysis to validate 
the applied approach. A two-layer model was required to fit the 
data for the linear polymer while the nanogels (with cross-linker) 
required a minimum of a three-layer model to fit consistently all 
four isotopic contrasts. The inadequacy of one layer model 
representation of the data is shown in the supporting information 
(Fig. S4). The best fit for each set of data is shown on the graph by a 
solid line (Fig. 4) while the resulting parameters are given in Table 3. 
The scattering length density profiles for these fits were then used 

to estimate the volume fraction profiles of the nanogels at the 
interface, Fig. 5. The volume fraction profiles for the linear polymer 
show two distinct regions. The first region consists of a densely 
packed layer in contact with air; which has collapsed  
polymer chains and low water content (less than 10%; thickness of 
7 Å). The second more diffuse regions consist of highly solvated 
polymer (88% water) extending towards the bulk water. A similar 
conformation for linear PNIPAM at the air/water interface has been 
reported previously

25
. The reflectivity data for the nanogels were 

fitted using a three-layer model. The fitted parameters are given in 
Table 3. Again the first layer consists of a condensed (collapsed) 
layer of polymer. The thickness of this layer increases with the % of 
cross-linker. The first layer is then followed by gradually diffusing 
second and third layers. In the first layer the value of  polymer was 

equal to 0.64, 0.62 and 0.57 for nanogels with 10, 20 and 30% of 
MBA, respectively (and was the same for both the H and D gels). 
This region was characterized by low water content similar to that 
reported for a collapsed microgel at temperatures above VPTT

24
. 

The content of water in this layer varies monotonically with MBA 
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Fig. 5. Volume fraction of a) NIPAM and b) NIPAM D7 nanogels at 

the air/water interface calculated based on the neutron reflectivity 

profiles.  
 
concentration,  water = 0.18, 0.26 and 0.34 for 10, 20 and 30% 

MBA, respectively. This can be attributed to a reduction in the 
nanogel ability to change conformation (and thus repel water from 
polymer network) of the gels with a higher degree of cross-linking. 

The second layer consists of fully solvated polymer with a low 

volume fraction. The volume fractions for H and D nanogels are 

different, 0.08 for D and 0.30 for H nanogels. This is attributed to 

different VPTT values for H and D nanogels. We relate this 

observation to isotope effects resulting in different bonding 

energies (especially ability to create hydrogen bonds) for the 

protonated and deuterated isopropyl groups. The influence of  

 

isotopes on physical properties of polymers has been reported 

already in literature
40

.  

The volume fraction profiles of the second layer for D nanogels 

(where only the isopropyl group of the NIPAM is deuterated) show 

a low scattering length density region, which suggests it consist 

mainly of MBA. The thickness of this layer increases with the 

increase of cross-linker concentration (d = 10, 18 and 26 Å for gels 

with 10, 20 and 30% of MBA, respectively) as expected.  

The fitting of the data is very sensitive to the presence of a third 

layer. In the case of NIPAM D7 particles Nbfitted has values higher 

than for the second layer suggests a region rich in deuterated 

moieties. Low  polymer for NIPAM gels indicates lower polymer 

density. For both H and D particles this means the presence of 

pending PNIPAM chains that are very loosely cross- linked forming a 

shell-like structure with thickness of between 10-15 Å, which is 

thinner for nanogels with a higher concentration of MBA. This 

interpretation of the data is further supported by similar findings 

for NIPAM based microgels (with particle size ~200 nm) where the 

difference in polymerization rates between the monomer and 

cross-linker plays a key role
35,41

. As a result, the structure of the gel 

particles depends strongly on the degree of cross-linking. At high 

cross-linker concentrations, particles are described with a Gaussian 

segment density distribution (i.e. a highly cross-linked core). With 

decreasing cross-linking density the structure of the gel particles 

changes toward that of a highly branched coil
35

.  

Given the diffuse nature of the interface, we then allowed the 

values of the layer roughness to vary in the fitting procedure. It was 

found that the layer roughness increased slightly with increasing 

amount of cross-linker (Table 3). This can be attributed to the 

rigidity/elasticity of the nanogels, which increases with increasing 

concentration of MBA. Matzelle et al. have studied the elastic 

properties of NIPAM hydrogels cross-linked with MBA (up to 5 mol 

%) by scanning force microscopy
42

. They found that Young’s moduli 

of the gels were strongly dependent on the amount of MBA and 

increased by almost factor of 4 when the % of MBA was increased 

from 1 to 5%. This suggests that the nanogels with 30% of cross-

linker may adopt an even less flexible structure, hence an increase 

in the interfacial roughness is physically reasonable.  

The structural conformations of the nanogels as a function of the % 

of cross-linker are shown schematically in Fig. 6, reflecting the  

 

 

Fig. 6. Schematic representation of nanogels structure, with different degree of cross-linking at the air/water interface. 

collapsed polymer

highly cross-linked 
core

pending polymer 
chains

air

water

increasing  % of cross-linker
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differences in the physical structures measured while taking into 
account their associated degree of flexibility. A higher flexibility of 
the gels means a higher surface coverage will result at lower 
adsorbed amounts. Comparable behaviour of NIPAM-based 
microgels on the solid substrate was observed and reported 
before

43
. The structural conformations are also reflected in the 

adsorbed layer thickness determined using NR. These values are 
approximately half the size of the nanogel observed by DLS in the 
bulk, providing additional evidence for the collapsed nature of the 
nanogels at the air-water interface. Similar behaviour was observed 
recently in mixtures of poly(amido amine) dendrimers with the 
surfactant sodium dodecyl sulfate

44
, where the ability of the 

dendrimer to deform at the interface was related to its size and 
flexibility. Such a behaviour of NIPAM based microgels liquid/liquid 
interfaces was suggested before

12,19,45
 although no direct 

experimental evidence was provided. 

Conclusions 

In this study we have characterized the behaviour of N-

isopropylacrylamide-based nanogels cross-linked with N,N′- 

methylenebisacrylamide at the air/water interface, 

demonstrating that the degree of cross-linking has a profound 

effect on their adsorption kinetics, adsorbed amount and 

structures created. Like conventional short-chain surfactants, 

NIPAM nanogels lower the surface tension of water; however, 

because of the lack of well-defined hydrophobic and 

hydrophilic regions (i.e. a head and tail) they form more 

complex structures at the interface, which have to date not 

been resolved. As shown by neutron reflectivity 

measurements, the structure of the adsorbed material can be 

represented by three distinct regions: a densely packed 

polymer with low water content in contact with air, followed 

by a fully solvated, highly cross-linked region, and finally a 

region of polymer chains that extend towards the bulk 

solution.  

The structural data also suggest an extensive rearrangement of 

the conformation of the nanogel particles at the interface 

during the adsorption process, resulting in structural 

deformation. The degree of deformation diminishes with 

increasing % of cross-linker. It is interesting to note that 

although differences in conformations between the bulk and 

the liquid/liquid interface for NIPAM-based microgels have 

been previously hypothesized, this was never demonstrated. 

In this paper we provide experimental evidence that such 

behaviour indeed occurs for NIPAM-based nanogels at the 

air/water interface.  

The data presented are an important input into understanding 

the behaviour of gel particles at interfaces. We believe that 

they may lead to achievement of the rational, smart design of 

novel materials for specific applications. 
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Fig. S1. Scattering length density (Nb) as a function of time for NIPAM (a) and NIPAM D7 (b) nanogels 
with varying amounts of cross-linker at the air/NRW interface. The bulk nanogel concentration is 5 x 
10-3 mg ml-1. 
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Fig. S2. AFM image and cross-section of NIPAM nanogels containing 30% of MBA. 
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Fig. S3. TEM images of NIPAM (a) and NIPAM D7 (b) nanogels containing 20% of MBA.  
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Fig. S4. Neutron reflectivity profiles of NIPAM D7 nanogels with 20% of MBA at the air/NRW 
interfaces. The bulk nanogel concentration is 5 x 10-3 mg ml-1. The solid and dashed lines represent 
the one and three layer fits to the data, respectively.  
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