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ABSTRACT: The properties of poly(N-isopropylacrylamide) (polyNIPAM) at the air/water interface, with
and without sodium dodecyl sulfate (SDS), were measured by neutron reflectivity and surface tension.
Below the lower critical solution temperature (LCST), polyNIPAM adsorbs at the air/water interface to
give a thin (0 ~ 1.5 nm) layer with a low water content approximately equal to phase-separated polyNIPAM
above the LCST. Above the LCST the adsorbed polymer layer increases by a factor of 10 approximately
equal to the effective diameter of a single phase-separated polymer chain (a globule). Polymer-bound
SDS lowers the density of adsorbed polyNIPAM because of electrostatic effects.

Introduction

Temperature-sensitive polymers are a route to “intel-
ligent materials” with applications in drug release and
separations.! The recent literature contains many pa-
pers describing the properties of aqueous poly(N-iso-
propylacrylamide) (polyNIPAM) which has a lower
critical solution temperature (LCST) of 32 °C.2 Poly-
NIPAM'’s temperature sensitivity originates from the
interactions of water with pendant isopropyl groups. In
contrast to the behavior of polyacrylamide, polyNIPAM
tends to adsorb onto solids and at the air/water interface
to lower surface tension.

Fujishige et al.® used the Whilhelmy method to
measure surface tension for 0.25—1% w/v PNIPAM
which gave surface tension values of 47.8 mJ/m? at 31
°C compared with 41.9 mJ/m? at an unspecified tem-
perature above the LCST. We confirmed that the surface
tension of the aqueous solution did not decrease much
with temperature in the range 20—40 °C even though
polymer in solution experienced a phase transition at
32 °C.* Thus, surface tension seems to be one property
of aqueous polyNIPAM which does not display signifi-
cant temperature sensitivity. In subsequent work we
have reported extensive experimental studies of surface
dynamic surface tension behaviors both below and above
the LCST.5 Surface tension was not sensitive to
polyNIPAM molecular weight and concentration, and
the temperature dependency of surface tension was not
much greater than that of water alone. On the other
hand, the kinetics of surface tension lowering reflecting
the polymer adsorption kinetics was sensitive to tem-
perature and polyNIPAM concentration. Higher con-
centrations and temperatures below the LCST gave the
fastest surface tension decrease on newly formed sur-
faces. Below and above the LCST the surface tension
of a freshly formed interface approaches a steady-state
value in a classical S-shaped curve when surface tension
is plotted against the logarithm of time. The shape of
the curve can be fitted with the empirical Hua Rosen
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equation.® On the other hand, attempts to employ less
arbitrary mass transport models including the Van Eijk
and Cohen Stuart’ models were unsuccessful at predict-
ing the time scale for surface tension lowering as a
function of the initial concentration of polyNIPAM. This
was explained by proposing that the rearrangement of
polymer at the air/water interface was the rate-control-
ling phenomenon.8

Novel, oscillating pendant drop experiments were
employed to probe the dynamics of surface rearrange-
ment. In this technique, the surface area of a pendant
drop was changed sinusoidally by a factor of 2, and the
resulting surface tension fluctuations were measured.
Although the surface area excursions were large (i.e., a
factor of 2), the corresponding surface tensions oscilla-
tions were only a few mJ/m2. This was explained by fast
loop-to-train transitions when the surface was ex-
panded. Although many aspects of the surface tension
results are fascinating, they give limited insight into
the structure of polyNIPAM at the air/water interface.

The first attempt to characterize the structure of
polyNIPAM at the air/water interface was by Kawagu-
chi and co-workers,® who spread PNIPAM on a Lang-
muir trough and used ellipsometry to measure surface
concentration and adsorbed layer thickness as functions
of surface pressure. At 16 °C the maximum surface
coverage was about 1 mg/m?, and this amount was
nearly doubled when the experiment was conducted at
31 °C. In a subsequent study at 16 °C they reported
coverage of about 2 mg/m? and an ellipsometric thick-
ness of about 6.5 nm. These values correspond to an
average polymer volume fraction in the adsorbed layer
of about 30%.1° One of the goals of this work is to extend
our knowledge of the structure of polyNIPAM at the air/
water interface by neutron reflectivity measurements.

The solution properties of polyNIPAM are also sensi-
tive to the presence of surfactants. Following the work
of Eliassaf,!! Schild and others have shown that both
cationic and anionic surfactants bind to aqueous
polyNIPAM generally forming a complex which is more
hydrophilic.1213 We have characterized SDS binding to
cross-linked, water-swollen uniform polyNIPAM micro-
gels.’* The gels offer two advantages: they can be
centrifuged which, in turn, permits measurement of
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Table 1. Steady-State Surface Tensions for 50 mg/L
PolyNIPAM Solutions

polymer temp (°C) surface tension (mJ/m?) T* (s)
polyNIPAM-D7 25 46.6 40
polyNIPAM-D7 40 40.1 187
polyNIPAM-H [5] 25 43.1 6
polyNIPAM-H 40 40.2 2090

surfactant binding isotherms. Second, microgel swelling
is easily monitored by dynamic light scattering which
shows that SDS binding causes significant increases in
microgel swelling. Recently, we employed neutron scat-
tering to probe the structure of bound SDS in polyNIPAM
microgels.® In contrast to the behavior of SDS binding
to poly(ethylene oxide),® the bound surfactant is present
in small domains containing five or less surfactant
molecules.

Nothing has been published about the influence of
SDS on the properties of polyNIPAM at the air/water
interface. In this work we also use neutron reflectivity
to probe the interfacial properties of SDS/polyNIPAM
mixtures.

In summary, polyNIPAM provides an interesting
temperature-sensitive system which may give insight
into the behavior of more complex molecules at the air/
water interface. Important unresolved issues include a
detailed description of polyNIPAM at the air/water
interface both below and above the LCST in an effort
to understand why surface tension is so insensitive to
temperature. Additionally, SDS binding is relevant to
many potential applications of polyNIPAM, and thus it
is of interest to understand how SDS influences the
adsorbed layer structure. In this work, we present a
detailed description of the adsorbed polymer based on
neutron reflectivity measurements. PolyNIPAM based
on deuterated isopropane was investigated in solutions
of nonreflecting H,O/D,0O mixtures.

Experimental Section

Two polyNIPAM polymers were used. PolyNIPAM-H was
prepared in our laboratory with My, = 5.47 x 10° and M./M,
= 1.8.5 PolyNIPAM-D7, based on deuterated propane, was
purchased from Polymer Source, Dorval, QU, Canada. Accord-
ing to the supplier, polyNIPAM-D7 had a M, = 358 000, M,/
M, = 2.6, and [#] in methanol was 0.905 dL/g. BDH SDS was
used without further purification.

The surface tension of 50 ppm of polyNIPAM-D7 solutions
in null reflecting water, H,0O:D,0 (92:8 vol:vol), was measured
by an automated pendant drop technique in Neumann'’s
laboratory at the University of Toronto.!” The surface tension
of mixtures of polyNIPAM L-6B and SDS was measured by
the Du Nouy method. The measurements were made in a
thermostated cell after a minimum of 20 min equilibration
time.

The neutron reflection experiments were made using the
NG7 reflectometer at the NIST Center for Neutron Research,
Gaithersburg, MD. The solutions were contained in a PTFE
trough that was enclosed by a temperature-controlled envi-
ronmental box which has been described in detail elsewhere.!®

Results

Aqueous PolyNIPAM. The surface tension of
50 ppm of polyNIPAM-D7, M,, = 358 000, dissolved in
a 8:92 by volume mixture of D,O:H,O (null reflect-
ing water) was measured at two temperatures, and
the results are compared with those for aqueous
polyNIPAM-H in Table 1. The surface tension for both
polymers was 40 mJ/m? at 40 °C whereas at 25 °C
polyNIPAM-H gave a slightly lower (3 mJ/m?) surface
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tension than observed for polyNIPAM-D7. In both cases
surface tension was not very temperature dependent
over the range spanning the LCST. Also shown in Table
1 are the t* values which are the times required to
observe '/, the maximum surface tension change. In
both cases the transport of polymer to the interface was
much slower above the LCST where the polymer was
present as phase-separated particles.

Neutron reflectivity measurements were made from
two solutions with different neutron scattering contrasts
between the polyNIPAM and the water at 25 and 44
°C. The measurements from polyNIPAM-D7 in null
reflecting water and polyNIPAM-H in null reflecting
water give complementary information, which allowed
a detailed picture of the interfacial structure to be
established at 25 and 44 °C. The transitions induced
by temperature variation and SDS addition were then
followed using polyNIPAM-D7 in null reflecting water
only.

Neutron reflection from polyNIPAM-D7 in D,O is
sensitive to the amount and thickness of the adsorbed
layer of polyNIPAM but is completely insensitive to its
position relative to the surface of the water. The
polyNIPAM-H layer in D,O reduces the scattering
length density near the surface, and so the reflectivity
from this contrast is sensitive to the distance of the
polyNIPAM layer from the water surface. To extract this
information, the reflectivity results from polyNIPAM-
D7 in null reflecting water and polyNIPAM-H in D,O
were fitted simultaneously with the reflectivities cal-
culated from the same distribution of water and NIPAM.

The model scattering length density profiles, p(z),
were calculated from the equation

p(z) = bpnp(z) + byny(z)

In this equation by is the average scattering length for
a water molecule (0 for null water and 19.1 x 105 A
for D,0O), and bp is the scattering length for a polyNIPAM
segment (90.5 x 1075 A for polyNIPAM-D7 and 24.3 x
1075 A for polyNIPAM-H). The nw(z) is the number
density of water which has been modeled as a simple
error-function profile at the interface. The term np(z) is
the number density of polyNIPAM segments which has
been modeled as a uniform slab with error-function
profiles at its upper and lower boundaries.

*

Ny
ny(z) = 7{ 1 + erf(o,04)}

Ne(z) = %{(l + erfla + S, 0.)) —
1 +erf(a+ 5+ 9, 0))}

where erf(a,0) is an error function centered at o and
with width parameter o. The parameter o is the
distance of the water surface from the arbitrary origin
and was fixed at 10 A in this work, 3 is the position of
the polyNIPAM boundary relative to the water surface,
and o is the thickness of the polyNIPAM slab. The
parameter o characterizes the sharpness of the bound-
aries that the error functions represent. These func-
tional forms were chosen for simplicity in order to
introduce the minimum number of parameters. The
parameters ny, and nj are the maximum number
densities of water molecules and polyNIPAM segments,
respectively. The reflectivity for the two combinations
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Figure 1. The reflectivity of polyNIPAM-d7 in null reflecting
water (open points) and polyNIPAM-h in D20 (closed points)
at 25 °C. Note, the polyNIPAM-h in D20 results are shifted
up 1 unit for clarity. The lines are the best simultaneous fit
to the two measured reflectivities. The points represent the
experimental data and the lines were predicted by simulta-
neous fitting of both data sets.
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Figure 2. Number density distributions corresponding to the
fits in Figure 1.

of contrasts was calculated from the two p(z) profiles
using the optical matrix method'® with the appropriate
values of by and bp. The calculated reflectivities were
then fitted to those experimentally measured by varying
parameters. For the water molecule distribution, the
width of the water—air interface (ow) was varied, but
the maximum number density of water (ny,) was fixed
at the value for bulk water (0.033 A=3). For the
polyNIPAM segment distribution, the maximum num-
ber density (ng), the slab thickness (), the widths of
the upper and lower boundaries (oy and o), and relative
position () of the slab were varied. The reflectivity
versus Q plots for both polymer solvent contrasts at 25
°C are shown in Figure 1. The lines are the best
simultaneous fit to the two measured reflectivities, and
the corresponding segment number densities are shown
in Figure 2. Since neat polyNIPAM has a segment
number density of 0.0054 A—3 the results in Figure 2
confirm that the polyNIPAM forms a thin but fairly high
volume fraction (~0.6) layer just beneath the water
surface.

On heating to 44 °C polyNIPAM phase separates. The
reflectivity curves are shown in Figure 3, and the
corresponding number densities are shown in Figure 4.
The thickness of the layer increases, and its segment
number density approaches that of neat polyNIPAM.
However, this simultaneous modeling of both contrasts
suggests that there is a significant amount of the
polyNIPAM layer above the water surface.

The temperature dependence of the polyNIPAM layer
was followed by neutron reflection from the polyNIPAM-
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Figure 3. The reflectivity of polyNIPAM-d7 in null reflecting
water (open points) and polyNIPAM-h in D20 (closed points)
at 44 °C. Note, the polyNIPAM-h in D20 results are shifted
up 1 unit for clarity. The lines are the best simultaneous fit
to the two measured reflectivities.
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Figure 4. Number density distributions corresponding to the
fits in Figure 3.

D7 in null reflecting water. The reflectivity was ana-
lyzed by fitting with the single uniform slab model.
Since bw = 0, there are only four relevant parameters:
the thickness of the layer, §, the maximum number
density of polyNIPAM (ng), and the width of the upper
and lower interfaces, oy and or. The scattering length
density profile for the solution in null water is then
given by the formula

benp
p(z) = T{(l + erf(a,0y)) — (1 + erf(a + 9, 0)))}

The absorbed amount I' may be calculated from these
parameters using the equation

I'=n3o

It was not possible to determine all four parameters
uniquely from the weaker reflectivity profiles (i.e., those
from lower temperatures) so the boundary width pa-
rameters were fixed for these. However, the values of I'
were always insensitive to these parameters and were
well-defined by the fits. For additional confirmation, the
reflectivity was analyzed by determining the low-Q slope
of “Guinier” type plots of In(RQ?) vs Q2. This method
makes no assumptions about the shape of the number
density profile, and it yielded the same values of T’
within experimental error.

The thickness and absorbed amount determined from
the fits are shown Figure 5 as functions of temperature
for a 50 ppm solution. Below 32 °C, the LCST for
polyNIPAM, the coverage was 1.5 mg/m? with a corre-



6272 Richardson et al.

12
3
10 PolyNIPAM at
o Air/water Interface
E 8 r
o
£
S 6
5
E 4
o
2|
0 : : ; ) ; N -
10 20 30 40 50

Temperature (C)

Figure 5. The mass and thickness of the polyNIPAM layer
at the air/water interface as functions of the temperature.
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Figure 6. The influence of SDS on the properties of
polyNIPAM at the air/water interface. Measurements were
made with polyNIPAM-D7 in null reflecting water and SDS
in the proton form.

sponding thickness of 1.5 nm. Furthermore, these values
seem insensitive to temperature over the range 19—32
°C. Above 32 °C the amount of adsorbed polymer and
the thickness of the layer increased by a factor of 8 at
44 °C.

Aqueous SDS + PolyNIPAM. SDS binds to
polyNIPAM. Previous neutron results with polyNIPAM
microgels have shown that the bound surfactant is
present in small aggregates containing less than five
surfactant molecules,'> and recent NMR studies reveal
that molecular motion of polyNIPAM-bound SDS is
similar to that of SDS in free micelles.?° Figure 6 shows
the adsorbed amount of polyNIPAM-D7 obtained by
fitting a slab model to the neutron reflectivity results
from deuterated NIPAM with added SDS. The SDS does
not contribute significantly to the reflectivity because
it has a low scattering length compared to the deuter-
ated polymer. The addition of SDS caused a dramatic
decrease in polyNIPAM adsorption at the air/water
interface. At high surfactant concentration the reflected
intensities were low give a great uncertainty in thick-
ness estimates.

SDS binding reduces the mass of adsorbed polymer
per square meter of interface, I', but induces a modest
increase in adsorbed layer thickness, o, up to at least 4
mmol/L SDS. The absence of a large layer expansion at
low SDS concentrations was a surprise since both
polyNIPAM microgels,** and linear chains in solutions
display large expansions with SDS binding. On the
other hand, the thickness values are similar to those of
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Figure 7. The comparison of surface tension and reflectivity
results as functions of SDS concentration. ySDS = surface
tension of SDS solutions; ySDS+polyNIPAM = surface tension
of 50 mg/L polyNIPAM plus SDS; I'SDS+polyNIPAM =
surface coverage of polymer measured by reflectivity.
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Figure 8. The adsorbed concentration of polyNIPAM as a
function of the amount of polymer bound SDS estimated from
ref 15.

deuterated SDS in the presence of poly(vinylpyrroli-
done).2?

Figure 7 compares surface tension results as a
function of SDS concentration with and without
polyNIPAM-H at 25 °C. In the presence of polymer the
surface tension actually increases to give a maximum
at an SDS concentration of about 4 mmol/L—with higher
SDS concentrations the surface tension decreases to
a limiting value similar to that in the absence of
polyNIPAM. Also shown in Figure 7 is the amount of
adsorbed polyNIPAM-D7 as a function of SDS concen-
tration (i.e., the same results shown in Figure 6). From
1 to 4 mmol/L SDS where the surface tension was
increasing, the amount of adsorbed polyNIPAM was
decreasing. Previous work has shown that surface
tension is rather insensitive to polyNIPAM microgel
molecular weight.* Therefore, in comparing these re-
sults, we assume that the surface tension behavior of
polyNIPAM-H reflects the behavior of polyNIPAM-D7
since the two differ by only a factor of 1.5 in molecular
weight.

Previously, we have reported the binding isotherm of
SDS to cross-linked polyNIPAM microgels.'® Since most
of the microgel properties reflect the properties of linear
polyNIPAM, it seems reasonable to apply our binding
isotherm to the present results. A mole balance analysis
reveals that less than 1% of the added SDS is bound to
polyNIPAM because the polymer concentration is low
(50 mg/L). Figure 8 shows the surface concentration of
polyNIPAM, measured by reflectivity, as a function of
the average number of moles of bound SDS molecules
per NIPAM repeating unit. The surface concentration
of polyNIPAM was reduced by a factor of 2 when the
amount of bound surfactant was 0.04 mol of SDS per
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mole of isopropyl groups. PolyNIPAM adsorption was
nearly eliminated when the amount of bound SDS
was 0.17 mol/mol. Therefore, SDS binding renders
polyNIPAM less surface active, presumably because of
the introduction of charge groups. This result is con-
sistent with the observation that both linear polyNIPAM
chains and polyNIPAM microgel particles expand with
SDS binding.*

Discussion

Below the LCST, the neutron reflectivity data indicate
that polyNIPAM forms an unusually dense (volume
fraction ~ 0.6), thin (0 = 1.5 nm) layer. The volume
fraction of polymer in the interfacial layer is less than
that of phase-separated polyNIPAM above the LCST?
but is higher than normally observed for homopolymers
physically adsorbed onto solids.?2

On the basis of the light scattering results of Kobuta
et al.,?® the radius of gyration of poly(N-isopropylacry-
lamide) at 25 °C is given by Ry = KM}, where K = 0.011
nm and v = 0.591. On the basis of this relationship, the
radius of gyration of polyNIPAM-D7 is 21 nm, which is
an order of magnitude greater than the adsorbed layer
thickness.

If we consider the cross section of a polyNIPAM
perpendicular to the vinyl carbon—carbon bond axis,
there are three domains. The N-isopropyl groups are the
most hydrophobic, the methylene chain forming the
backbone is the next most hydrophobic, whereas the
domain around the amide group is the most hydrophilic.
On organizing these three chain subunits at the air—
water interface, it seems reasonable to propose that the
units next to air will have the isopropyl groups facing
if not protruding into it. The isopropyl groups on the
two interior layers, however, are likely to associate with
each other. This would lead to a surface structure in
which both the hydrophobic and hydrophilic parts
minimize their interactions with their respective in-
compatible phases and lead to a rather flattened surface
structure. This behavior is similar to that found with
random copolymer at the oil—water interface.?*

The polyNIPAM concentration in the adsorbed layer
was high and approximately equal to the polymer
concentration in phase-separated polyNIPAM above the
LCST. Thus, adsorption in this case could be viewed as
a surface-induced phase separation. That is, the release
of structured water around the isopropyl groups phase
drives phase separation at the interface. If true, this
suggests that there could be a surface phase separation
temperature which is lower than the LCST for the
solution.

Kawaguchi and co-workers have reported ellipsomet-
ric measurements for 600 000 molecular weight poly-
NIPAM at the air/water interface at 16 °C.10 Their
adsorbed layer thickness values were about 7.0 nm,
which is 5 times greater than our value. Furthermore,
their coverage values were 2.5 mg/m?, which is nearly
twice our value. Conversion of Kawaguchi’'s data to a
density of polyNIPAM in the surface layer gives a value
of 0.36 g/mL; our corresponding value is about 1 g/mL.
Therefore, the published ellipsometry data for 16 °C
suggest a much more extended adsorbed layer than do
the reflectivity results at 16 °C. The reason for this
discrepancy is not known.

Above the LCST the polyNIPAM surface layer is
much thicker, suggesting that phase-separated polymer
in solution deposits onto the interface. A single polymer
coil as a collapsed sphere above the LCST will be 11
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nm in diameter, assuming that the phase-separated
polymer is 20% water. This value is close to the layer
thickness observed at 44 °C (see Figure 5). In the
solution, phase-separated polyNIPAM is usually present
as stable colloidal particles with diameters around 500
nm, which is very much larger than the adsorbed layer
thickness. Therefore, it seems that individual phase-
separated polymer chains deposited onto the surface
before the larger colloidally stable particles could reach
the surface or that, upon adsorption, the large colloidal
particles broke apart to give a layer of individual phase-
separated chains.

A finding of this work is that surface tension is not a
good predictor of the total amount of polymer at the air/
water interface. From 25 to 40 °C the surface tension
decreased only 6 mJ/m2 whereas the amount of adsorbed
polymer increased by a factor of 7. Presumably surface
tension is sensitive to only the first few angstroms of
the interface, and thus surface tension is a measure of
the concentration of segments in trains and short loops.
Furthermore, in our opinion the concentration of ad-
sorbed segments of phase-separated polymer is not very
sensitive to temperature or polymer concentration.

The general features of the SDS results seem consis-
tent with previous data. Surfactant effectively binds
sulfate chains onto polyNIPAM, making it more hydro-
philic which, in turn, drives the polymer from the
interface giving an increase in surface tension (see
Figure 7). Surfactant binding did not give a significant
increase in the polyNIPAM adsorbed layer thickness.
Instead, the number of surface chains decreased with
increased binding.

A related publication from Cabane’s group appeared
after this paper was completed.?®> That work described
neutron reflectivity measurements with protonated
polyNIPAM in water/D,0O mixtures. Although reflectiv-
ity measurements from their inverse system (i.e., pro-
tonated instead of deuterated polyNIPAM) are intrin-
sically less sensitive, their main results and interpreta-
tions are in accord with ours. However, subtle differ-
ences do exist. We observed a more abrupt onset of layer
thickening with increasing temperature. Also, at low
temperature we observed more poly(N-isopropylacryla-
mide) at the interface, which is consistent with our use
of a higher molecular weight. The fact that we used
deuterated polyNIPAM with contrast matched water
means our adsorbed amounts are not dependent upon
any assumed model of polymer distribution at the
interface.

Conclusions

1. Below the LCST polyNIPAM adsorbs at the air/
water interface to give a thin (6 ~ 1.5 nm) layer with a
low water content approximately equal to phase-
separated polyNIPAM above the LCST.

2. Above the LCST the thickness of the adsorbed
polymer layer is about 10 times greater than at room
temperature. The layer thickness above the LCST
approximately corresponds to the diameter of individual
phase-separated polyNIPAM chains (i.e., a globule) with
20 wt % bound water.

3. Polymer-bound SDS lowers the mass of adsorbed
polyNIPAM because of electrostatic effects.
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