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Abstract

We present atomistic simulations of a single PNIPAM-alkyl copolymer surfactant in aque-
ous solution at temperatures below and above the LCST of PNIPAM. We compare properties
of the surfactant with pure PNIPAM oligomers of similar lengths, such as the radius of gy-
ration and solvent accessible surface area, to determine the differences in their structures and
transition behavior. We also explore changes in polymer—polymer and polymer—water inter-
actions, including hydrogen bond formation. The expected behavior is observed in the pure
PNIPAM oligomers, where the backbone folds onto itself above the LCST in order to shield
the hydrophobic groups from water. The surfactant, on the other hand, does not show much
conformational change as a function of temperature, but instead folds to bring the hydrophobic
alkyl tail and PNIPAM head group together at all temperatures. The atomic detail available
from these simulations offers important insight into understanding how the transition behavior

is changed in PNIPAM-based systems.
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1 Introduction

Stimuli-responsive polymers undergo a structural change in response to an external stimuli (e.g.,
temperature, pH, light), which can be exploited for applications in drug delivery, coatings, sensors,
and actuators, among others.'~’ Polymers that are temperature responsive show conformational
changes in aqueous solutions due to changes in the hydration level at different temperatures. For
example, polymers with a lower critical solution temperature (LCST) exist in an extended coil
state below the LCST and dehydrate or collapse into a globular state above the LCST. Poly(N-
isopropylacrylamide) (PNIPAM) is an extensively studied thermo-responsive polymer, since it
displays a sharp phase transition at its LCST around ~32 °C,3-!! near body temperature. In these
amphiphilic systems, competing forces arise from the interactions of water with the hydrophilic
amide groups and the hydrophobic isopropyl and backbone groups. Spectroscopy studies have
suggested that the coil-to-globule transition is accompanied by a loss in polymer—water hydro-
gen bonds and an increase in polymer—polymer hydrogen bonds, as well as dehydration of the
hydrophobic groups.!®!12-14 The dehydration of the polymer above the LCST is indicated by a
significant decrease in the hydration number, as measured by various methods.>~!° The water
molecules are believed to play an important role in the transition by stabilizing the extended state

2021 which result

below the LCST through formation of water cages and hydrogen bond bridges,
in severely slowed dynamics of the first hydration shell. '819-22

The LCST behavior of PNIPAM can be extended to more complex architectures, such as
block copolymers or surfactants, to provide responsive PNIPAM headgroups, which are useful

23-28 or nanoparticle coatings,>*=3! for example.

for temperature-responsive micelle self-assembly
In these types of systems, changes to the molecular weight and hydrophobic/hydrophilic balance
can alter the transition behavior. Hydrophobic or hydrophilic modifications, either through copoly-
merization or functionalization of the side chain or backbone, have been shown to lower or raise the
LCST of PNIPAM, respectively.!!3235 This effect becomes more important in lower molecular
weight polymers, since the modifications carry greater significance. As such, although an inverse

relationship is usually observed between molecular weight and the transition temperature,36-3



hydrophobic end groups can minimize or even reverse this trend for small chain lengths.38-40

FitzGerald et al.,?® for instance, showed that the transition temperature in C;NIPAM surfactants
was reduced up to ~20 °C when decreasing the length of the NIPAM head group. In addition to
changes in the LCST, studies have also noted that the magnitude of the transition can be decreased
by the addition of hydrophobic groups, presumably due to the partial aggregation or collapse of
the hydrophobic segments below the LCST. 3?3 In order to exploit these types of hydrophobically
modified PNIPAM-based systems, we need to improve our understanding of how the structure and
transition behavior are changed correspondingly.

Molecular simulations are effective for studying the coil-to-globule transition in PNIPAM, pro-
viding molecular-level detail of the system complementary to experiments. Several studies of
single chains in water have observed the expected transition behavior, although results vary de-
pending on the force field and water model.*'=*> Some of these studies have also found a chain
length dependence similar to that noted experimentally. *!#44> Tucker and Stevens,* for instance,
observed a transition only in chains of length N = 11 or greater, but “coiling” of the chain began
with N = 30. In addition to single PNIPAM molecules, simulations have been used to study dif-

46,47

ferent structural configurations like random copolymers, graft copolymers,*? and end-grafted

48,49

brushes, as well as different aqueous solutions incorporating salt*> or methanol.” In these

examples, simulations provided the molecular-level detail necessary to observe specific changes
in polymer—polymer and polymer—solvent interactions, *>#+4850 hydrogen bonds, *34447-48:30 and
solvent mobility.*** In one instance, Deshmukh et al.** even artificially “turned off” PNIPAM
hydrogen bond donors and acceptors to eliminate polymer—polymer and polymer—water hydrogen
bonds in the simulation, resulting in globule structures below and above the transition temperature.
These examples illustrate the ability of molecular simulations to provide important insight into the
transition behavior of PNIPAM and PNIPAM-based systems.

In this work, we performed molecular simulations of a single alkyl-terminated PNIPAM sur-

factant (PNIPAM-C18)3! in water. There have been recent improvements in the OPLS force field

for the alkane backbone, which correct the melting temperature of neat alkanes of the length we are



interested in.! Thus, we have also redone simulations of PNIPAM oligomers with chain lengths of
N =8, 18, and 30 to determine the chain length dependence of the coil-to-globule transition using
the new force field parameters. The surfactant contains the same number of NIPAM monomers as
the N = 18 oligomer and has a similar backbone length (54 carbon atoms) to the N = 30 oligomer
(60 carbon atoms), which enables comparison between the systems. Simulations were performed
for temperatures below and above the LCST of pure PNIPAM. We characterized the transition
behavior of the oligomers and surfactant by the radius of gyration and solvent accessible surface
area. We also explored the changes in various polymer—polymer and polymer—water interactions,

including hydrogen bond formation.

2 Computational Methods

Atomistic simulations of a single PNIPAM-C18 surfactant were performed in explicit water. The
surfactant studied was composed of a C;gH37 alkyl tail connected to a NIPAM head of N = 18
monomers with a intermediary sulfur atom.3! PNIPAM oligomers of lengths N = 8, 18, and 30
monomers were also considered. In all cases, the PNIPAM chains were terminated with hydrogen
atoms, and only the syndiotactic state was considered, since it shows the greatest change in struc-
ture during the transition.>?~>* Interactions in the atomistic model of the polymers were described
by OPLS> with modifications from Siu et al.,>' and explicit water by the TIP4P/2005 model.>®
In the original OPLS-AA force field, the melting temperature of long alkanes (greater than six
carbon atoms) was too high and therefore could not reproduce proper liquid properties, such that
the systems would freeze in the temperature range of interest to us. Sui et al.”! introduced new
dihedral parameters that corrected this problem.

A collapsed state of the initial fully extended molecule was achieved by performing a short
NVT molecular dynamics (MD) simulation in vacuum. The molecule was then surrounded by wa-
ter molecules and relaxed using an energy minimization and short NVT MD simulation. Long NPT

MD simulations were performed, with a minimum of 100 ns for equilibration and another 100—400



ns for production. The MD simulations were performed in GROMACS 4.6.5°7 with a leap-frog
integrator and a 2 fs time step. Temperature was kept constant using a canonical thermostat>® with
a time constant of T = 0.1 ps. Pressure was kept constant at P = 1 bar using a Parrinello-Rahman

approach%-60

with a time constant of Tp = 2 ps. A short range Lennard—Jones and electrostatics
cutoff of 1.0 nm was employed with a Verlet cutoff scheme, and long range electrostatic inter-
actions were implemented using the Particle Mesh Ewald (PME) technique.®! Constraints on all
bonds containing hydrogen atoms were imposed using the LINCS algorithm.%>%3 Periodic bound-
ary conditions were employed with cubic boxes of sizes L = 4.0 nm for the N = 8 oligomer, L = 6.0

nm for the N = 18 oligomer, L = 9.0 nm for the N = 30 oligomer, and L = 7.0 nm for the surfactant.

These were chosen such that there were no interactions between periodic images.

3 Results and Discussion

We performed simulations of PNIPAM oligomers of lengths N = 8, 18, and 30 in water at temper-
atures below and above the LCST of pure PNIPAM (280 and 330 K) to determine the transition
behavior captured with the revised force field, as well as to compare to the surfactant data. The
extent of collapse in the chains was characterized by the radius of gyration, R, and solvent acces-
sible surface area, SASA, the distributions of which are given in Figure 1. Here, the SASA was
calculated in GROMACS ®* using a probe radius of 1.4 A. Since a main driving force for the col-
lapse of the chains is to minimize the hydrophobic surface in contact with water, the coil-to-globule
transition should result in a decrease in the size of the molecule (e.g., Ry) and overall SASA. For
the shortest chain length studied, N = 8, the R, and SASA distributions shifted slightly to smaller
values as the temperature was increased from 280 to 330 K, but no transition in the structure was
observed (Figure 1a,d), as before. The chain was also simulated at 360 K, since the transition tem-
perature is known to increase for shorter chain lengths, but still no transition was observed. This
chain length is simply too short to bend and “collapse” on itself. The R, and SASA distributions of

the N = 18 and 30 oligomers, on the other hand, differed significantly between the temperatures,



121 @ 08! @ |
10} 280 K ] _ “
= 8 — 330K ] s 06 |
oc < |
= 6r 360 K 1 9D 04l |
4t s ] = \
5 \ 0.2+ \‘
} —f \‘\ t t t t t
6 (b) - 05} © |
5¢ ] < 041
S 4r %)
S 0.3}
= 3f B
27 < 02,
1L 0.1+
6 (©) 1 ®
51 ] _ 0.3+F 1
S 45 >y
S 0.2}
= 3f 3
27 0.1}
1t
0.5 1.0 15 2.0 10 15 20 25 30 35 40
Ry /nm SASA / nm?

Figure 1: Distributions of the (a—c) radius of gyration, R, and (d—f) solvent accessible surface
area, SASA, for PNIPAM oligomers of lengths N = 8 (top), 18 (middle), and 30 (bottom) at 280
and 330 K. Distributions at 360 K are also shown for the N = 8 oligomer.

indicating that these chains were long enough to explore a range of extended and (partially) col-
lapsed structures (Figure 1b,e and c,f). The temperature difference is due to which state is primary
populated; the chains were generally more extended at 280 K and more collapsed at 330 K. In
addition to the distributions in Figure 1, average R, values normalized by the average R, at 280 K
(Table 1) demonstrate how the collapse in the chains became more pronounced as the chain length
was increased, similar to previous simulation studies.*!*5 QOverall, these results indicate that the
revised force field correctly captures the transition behavior of PNIPAM.

In order to better understand the structures, we were interested in determining the different
states populated by the N = 18 and 30 oligomers at each temperature. The SASA appears to more
directly correspond to the structural transition, since the distributions tended to be narrower than
for Ry, particularly at 280 K (e.g., Figure 1c,f). Even so, the breadth of the distributions and over-

lapping contributions to peaks complicates the distinction of different states. Instead, density plots



Table 1: Normalized average radius of gyration, (Rg)/(Rg*")

System 280 K 330K
Oligomer, N =8 1.004+£0.04 0.9640.05
Oligomer, N =18 1.00+0.12 0.88+0.11
Oligomer, N =30 1.00+£0.13 0.71+£0.08
Surfactant, all 1.00£+£0.04 1.02+0.09
Surfactant, alkyl 1.00+0.11 0.97+0.13
Surfactant, PNIPAM 1.00£0.04 0.99+0.08

of Ry versus SASA more clearly revealed two distinct states at 280 K and a single state at 330 K
for the N = 18 and 30 oligomers, an example of which is illustrated in Figure 2. For each state at
each temperature, the overall conformations of the chains were quantified by contour plots of the
average distances between all monomer pairs throughout the simulations, given in Figure 3. These
plots resemble protein contact maps and give some indication as to the association between differ-
ent regions of the chains. For a perfectly straight chain, the plots of monomer i versus monomer
J would produce contours parallel to the diagonal with an increasing separation distance moving
outward from the diagonal. Any deviations from this pattern indicate bends or kinks in the chains.

For the oligomers at 280 K, which showed two distinct states (e.g., Figure 2), average distance

43

a2l ]
sl
40
39|

38 -

SASA / nm?

37

36 -

35 - R

34 1 1 1 1 1 1 1 1 1 1 1
1.0 1.2 1.4 1.6 1.8 2.0

Ry / nm

Figure 2: Density plot of the radius of gyration, R, versus the solvent accessible surface area,
SASA, in the N = 30 PNIPAM oligomer at 280 K. Darker colors correspond to more populated
regions.
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Figure 3: Contour plots showing the average distance between monomers i and j for the (a,b)
N = 18 PNIPAM oligomer, (c,d) N = 30 PNIPAM oligomer, and (e,f) PNIPAM-C18 surfactant at
280 K (top) and 330 K (bottom). Bar legends at the top indicate the distances in nm. For systems
with two states at a given temperature, plots are shown together, one in the upper left and one in the
lower right. Black arrows are overlaid on the plots as an aid to help visualize bends in the chains
(see discussion). Horizontal and vertical black lines at i, j = 10 in the surfactant distance maps
mark the sulfur atom and distinguish the alkyl and NIPAM segments. Representative structures
and their corresponding proportions are also given below each plot, where blue beads represent the
NIPAM monomers, read beads the alkyl monomers, and yellow the sulfur atom.



maps were calculated for each state independently and are shown together with the high-R, state
in the upper left and the low-R; state in the lower right (Figure 3a,c). In addition, representative
structures were chosen for each state from a single frame in the trajectory that yielded a best fit to
the average distance maps. Snapshots of these representative structures and their proportions are
shown below the corresponding distance maps in Figure 3.

The N = 18 and 30 oligomers remained extended for the majority of the time at 280 K (> 70%),
where small-scale fluctuations of the chains averaged out and resulted in nearly parallel contours
in the distance maps (upper left in Figure 3a,c). These conformations correspond to larger R,
and SASA values (Figures 1 and 2). The less common collapsed structures were indicated by
peninsula-like variations in the contours extending perpendicular to the diagonal, which show that
the N = 18 oligomer folded roughly in half (U-shaped) and the N = 30 oligomer at about a third
(lower right in Figure 3a,c). To guide the eyes, black arrows are shown on the distance plots
in Figure 3 to illustrate where the bends are visible in the contours. At 330 K, the chains were
more compact, as indicated by smaller values in the distance maps overall (Figure 3b,d). Since
the chains fluctuated more at the higher temperature, weaker outward deviations were observed
in the contours. Thus, unlike the strong peninsula-like variations at 280 K, more subtle contours
propagated outward from the points where the chains were most often bending. These bends
usually occurred once at roughly the halfway point in the N = 18 oligomer (U-shaped) and twice
into thirds in the N = 30 oligomer (S-shaped).

Interestingly, the corresponding segments of about 9—10 monomers is in line with the persis-
tence length of PNIPAM. 13 In this way, the N = 18 oligomer populated two main states: extended
(SASA ~ 25 nm?) and collapsed with a single fold (SASA ~ 22 nm?). The N = 30 oligomer, on
the other hand, populated three main states: extended (SASA ~ 40 nm?), partially collapsed with
a single fold (SASA ~ 37 nm?), and fully collapsed with two folds (SASA ~ 33 nm?).

We found the PNIPAM-C18 surfactant data to be different than the expected temperature-
responsive behavior. In Figure 4, the R; and SASA distributions are given for the entire surfactant,

as well as for specific contributions from the PNIPAM head and alkyl tail. The N = 18 PNIPAM
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Figure 4: Distributions of the (a,b) radius of gyration, R, and (c,d) solvent accessible surface area,
SASA, for the PNIPAM-C18 surfactant at 280 K (top) and 330 K (bottom). Note the broken x-axis
in (c,d). The distributions are shown for all atoms in the molecule, as well as contributions from
the alkyl tail and PNIPAM head group only. For comparison, the distributions are also given for
the N = 18 PNIPAM oligomer (dashed lines).

oligomer data are also shown (dashed lines) for comparison with the surfactant head group. The
surfactant distributions are very similar at 280 and 330 K, suggesting that the surfactant did not
undergo a structural transition, unlike the N = 18 and 30 PNIPAM oligomers. The single peak near
0.85 nm in the R, distributions of the PNIPAM head group at both temperatures indicates that it
was in a collapsed state almost exclusively, similar to the N = 18 oligomer at 330 K. In comparing
the PNIPAM head group of the surfactant to the pure PNIPAM oligomer, a large difference exists
at 280 K. The PNIPAM oligomer has a second peak around 1.1 nm, corresponding to an extended
state, which is not present for the surfactant head group. The SASA distributions for the PNIPAM
head group were not similar to those of the N = 18 PNIPAM oligomer at either temperature, but
were shifted to smaller values in both cases. This decrease is mainly due to some shielding of the
PNIPAM surface by the alkyl tail. The Ry distributions of the alkyl tail suggest that it fluctuated
between two states (R; ~ 0.4 and 0.5 nm, respectively), however, the SASA distributions were
similar at both temperatures. Overall, the R, distributions indicate that the surfactant remained in

a collapsed state at both temperatures. These results are consistent with a drop in the transition
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temperature of the surfactant due to the addition of the hydrophobic tail, in agreement with exper-

imental observations for hydrophobically modified NIPAM-based systems, !1-32-33

particularly the
series of C1oNIPAM surfactants reported by FitzGerald et al.?3

A clearer picture of the surfactant structures at both temperatures was provided by average dis-
tance maps, given in Figure 3e,f, which are divided into regions separating the alkyl tail (i, j < 10)
and the PNIPAM head group (i, j > 10) at the sulfur atom (monomer 10 marked by the solid black
lines). Density plots of Ry versus SASA were used to distinguish the two states observed for the
alkyl tail at both temperatures (Figure 4), as was done previously. The distance maps for the two
states are shown together, one in the upper left and the other in the lower right (Figure 3e,f). Be-
cause the alkyl tail is relatively short, it cannot bend easily and thus was predominantly extended at
both temperatures (> 80%) (upper left in Figure 3e,f). In these cases, the surfactant was generally
bent at the sulfur atom, such that the alky] tail is in contact with the backbone of the PNIPAM head
group. On occasion, though, the surfactant was not aligned along the PNIPAM backbone, so the
alkyl tail curled up into a more compact state to minimize its interactions with water (lower right in
Figure 3e,f). This explains why the R, distributions of the alky] tail had two peaks, while only one
peak was observed in the corresponding SASA distributions. At both temperatures, the PNIPAM
head group was generally folded in half (U-shape). The larger fluctuations of the surfactant at 330
K resulted in weaker deviations at the bending points in the contour plots, similar to that observed
for the PNIPAM oligomers. The largest difference in the temperatures was the presence of the
islands in the contours corresponding to the middle of the alkyl tail and the end of the PNIPAM
head group (i, j ~ 6,24). This correlation was stronger at 280 K, suggesting that the alkyl tail was
in contact with the PNIPAM head group more often at this temperature.

Another way to characterize the backbone—backbone interactions and hydrogen bonding is the
radial distribution function (RDF), g(r), which relates to the probability of finding certain atoms
a distance r apart. We compared RDFs at both temperatures to determine the amount of such
contacts, as shown in Figures 5 and 6. Here, 1-4 interactions and closer were excluded from the

calculations. The degree to which the RDFs changed corresponded with the extent of the collapse

11
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Figure 5: Radial distribution functions, g(r), for (a—c) BB(npm)-BB(npm), (d—f) N-O, and (g—i)
OW-CHj3 at 280 and 330 K, shown for the N = 30 PNIPAM oligomer (top), N = 18 PNIPAM
oligomer (middle), and the PNIPAM-C18 surfactant (bottom). BB(npm) represents carbon atoms
of the NIPAM backbone, N and O represent the nitrogen and oxygen atoms of the NIPAM amide
groups, CH3 represents the carbon atoms of the NIPAM methyl groups, and OW represents the
oxygen atoms of the water molecules.

(Table 1), such that the N = 30 oligomer showed the greatest difference. The surfactant, which
does not exhibit a structural transition, has rather small differences between the two temperatures.
Generally, the RDFs showed higher peaks for polymer—polymer interactions and lower peaks for
polymer—water interactions at 330 K, as expected. For example, the RDFs between NIPAM back-
bone carbon atoms are given in Figure Sa—c. When the backbone remained extended with mostly
trans conformations, the 1-5 interactions contributed to the peak around 0.5 nm. However, the
increased prevalence of gauche conformations in the more collapsed structures at 330 K yielded an
increase in the number of 1-5 interactions contributing to the peak near 0.35 nm. In RDFs of the
oxygen and nitrogen atoms of the NIPAM amide groups (Figure 5d—f), the intensity of the peak
around 0.3 nm increased at 330 K, corresponding to the formation of more intramolecular hydro-

gen bonds in all cases. Conversely, the RDFs between the oxygen atoms of the water molecules
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Figure 6: Radial distribution functions, g(r), for (a) BB(alk)-BB(alk), (b) BB(alk)-BB(npm),
and (c) BB(alk)-OW for the PNIPAM-C18 surfactant at 280 and 330 K. BB(alk) and BB(npm)
represent carbon atoms of the alkyl and NIPAM backbone, respectively, and OW represents the
oxygen atoms of the water molecules.

and the carbon atoms of the NIPAM methyl groups (Figure 5g—1) decreased, indicating dehydration
of the hydrophobic groups at higher temperatures. These results are consistent with experimental

10,12-14

data, such as shifts in IR and Raman spectra and a drop in the hydration number above the

transition temperature. 131

The RDFs between the alkyl backbone carbon atoms, which are given in Figure 6a, are similar
to those of the NIPAM backbone carbon atoms (Figure Sa—c). The slight increase in the peak near
0.35 nm indicates that more gauche conformations are formed. However, since the alkyl chain
is relatively short and unable to bend easily, the change in the RDFs is minimal compared to the
longer PNIPAM chains. This is in agreement with the analysis of the distance maps (Figure 3e,f),
which suggested that the alkyl chains remained extended at least 80% of the time at both tem-

peratures. Unlike all other polymer—polymer interactions in these cases, the amount of contact

between the alkyl tail and PNIPAM head group decreased at 330 K, as exemplified by the RDFs of
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the alkyl and NIPAM backbone carbon atoms in Figure 6b. The stronger 0.5 nm peak at 280 K cor-
responds to alkyl segments aligned closely along the PNIPAM backbone (e.g., see representative
structure given in Figure 3e). These larger alkyl-PNIPAM peaks at 280 K are consistent with the
more prominent islands present in the distance maps (i, j ~ 6,24 in Figure 3e,f). Furthermore, the
decrease in the alkyl-PNIPAM contacts at 330 K coincided with a slight increase in alkyl-water
contacts, as illustrated by the RDFs of the alkyl backbone carbon atoms and the oxygen atoms of
the water molecules in Figure 6¢. Thus, while the PNIPAM head group made contact with itself
more frequently at 330 K, the alkyl tail was pushed further away. This behavior is also visible in
the representative structures of the surfactant in Figure 3e.f.

Although the RDFs provide insight into changes in general polymer—polymer and polymer—
water interactions below and above the LCST of pure PNIPAM, we can directly calculate statistics
of specific hydrogen bonds involving the PNIPAM amide groups and the water molecules, which
are expected to play an important role in the temperature-responsive behavior of PNIPAM. Here,
hydrogen bonds were measured in the simulations using criteria of d < 3.0 A and 6 > 150°. The
number of polymer—polymer and polymer—water hydrogen bonds, Nyp, for the entire polymer
chain were measured throughout the simulations, the distributions of which are compared at both
temperatures for the N = 18 PNIPAM oligomer and surfactant in Figure 7. For both systems,
the number of polymer—polymer hydrogen bonds increased, while the number of polymer—water
hydrogen bonds decreased at 330 K. The surfactant had slightly fewer polymer—water hydrogen
bonds than the N = 18 PNIPAM oligomer at both temperatures, which suggests that the inter-
actions of the alkyl tail with the PNIPAM head group interfered with hydrogen bond formation.
In general, the large number of polymer—water hydrogen bonds present at 330 K (around two
per monomer) suggests that the chain remained partially hydrated, even above the LCST of pure
PNIPAM. We note, though, that a more significant dehydration would likely be observed in longer
chains than the short oligomers studied here, since greater coiling could occur to produce a more
compact collapsed state. Nonetheless, these results are consistent with experimental IR and Raman

spectroscopy studies of PNIPAM, 101214 which show the same trends and estimate that upwards
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Figure 7: Distributions of (a) polymer—polymer and (b) polymer—water hydrogen bonds, Nyg, for
the PNIPAM-CI18 surfactant and the N = 18 PNIPAM oligomer at 280 and 330 K. Note that the
total number of hydrogen bonds for the entire chain is given.

of 65% of the amide groups maintain hydrogen bonds with water. 1%-12

4 Conclusions

We have performed atomistic simulations of a PNIPAM-alkyl surfactant single chain in water at
temperatures below and above the transition temperature of PNIPAM, which were compared to
simulations of pure PNIPAM oligomers of similar lengths. Chain conformations were charac-
terized by the radius of gyration and solvent accessible surface area, which both decrease in the
collapsed state as the chain folds to minimize the amount of hydrophobic surface in contact with
water. Additionally, average distance maps were calculated for the states observed at both tempera-
tures to identify common associations between different regions of the chains. Unlike the PNIPAM
oligomers, the surfactant did not show temperature-responsive behavior, but instead existed in a

collapsed state at both temperatures. These findings suggest a decrease in the transition tempera-

15



ture of the surfactant due to the addition of the hydrophobic tail, which is consistent with experi-
mental studies of similar systems. In all cases, folding of the PNIPAM chain occurred in segments
of roughly 9-10 monomers in correspondence with the persistence length of PNIPAM. Generally,
polymer—polymer contacts increased, while polymer—water contacts decreased above the LCST of
pure PNIPAM. Similar trends were also observed for polymer—polymer and polymer—water hydro-
gen bonds among the PNIPAM amide groups and water molecules. Even in the collapsed state,
there were a large number of polymer—water hydrogen bonds, suggesting that the PNIPAM chains
remained partially hydrated.

Competing forces exist in these amphiphilic PNIPAM systems, where the chain conformation
tries to maximize favorable interactions between water and the hydrophilic amide groups (e.g.,
through hydrogen bonds), while at the same time minimizing the exposure of the hydrophobic
1sopropyl and backbone groups to water. The addition of the hydrophobic alkyl tail in the sur-
factant alters the hydrophobic/hydrophilic balance and is thus a key factor in its nonresponsive
behavior. Since having the alkyl tail alone in water is highly unfavorable, the surfactant collapses
to bring the tail in contact with to the PNIPAM backbone both below and above the transition
temperature of PNIPAM. In the collapsed state, therefore, the surface of the hydrophobic groups
is more effectively shielded from the water. Despite the results presented here for a single surfac-
tant in water, it is important to point out that temperature-responsive behavior could be achieved
still for PNIPAM-based surfactants. For example, increasing the size of the PNIPAM head group
relative to the hydrophobic tail might allow a coil-to-globule transition to occur in a portion of
the PNIPAM segment further away from the hydrophobic tail. Additionally, the behavior of these
types of surfactants may differ when aggregates (e.g., micelles) are formed, since interactions be-
tween multiple hydrophobic tails may lead to fewer interactions with the PNIPAM head groups.
Further studies are needed to understand how the temperature-responsive behavior is affected in

these instances.
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