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ABSTRACT: This article reports on a new class of stimuli-responsive surfactant generated 1 ;6
from commercially available amphiphiles such as dodecyltrimethylammmonium bromide 2 2%, co,
(DTAB) by substitution of the halide counterion with counterions such as 2-
cyanopyrrolide, 1,2,3-triazolide, and L-proline that complex reversibly with CO,. Through
a combination of small-angle neutron scattering (SANS), electrical conductivity
measurements, thermal gravimetric analysis, and molecular dynamics simulations, we
show how small changes in charge reorganization and counterion shape and size induced
by complexation with CO, allow for fine-tunability of surfactant properties. We then use
these findings to demonstrate a range of potential practical uses, from manipulating
microemulsion droplet morphology to controlling micellar and vesicular aggregation. In
particular, we focus on the binding of these surfactants to DNA and the reversible
compaction of surfactant—DNA complexes upon alternate bubbling of the solution with
CO, and N,.
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B INTRODUCTION promises to allow for the recycling of surfactant and lower
costs. However, the manufacturing of stimuli-responsive
surfactants is still prohibitively expensive, thereby precluding
a wider range of potential applications. With the above need in
mind, we introduce novel CO,-reactive ionic liquid surfactants
that are synthesized from a plentiful supply of commercially
available and inexpensive starting materials (Figure 1) and
whose properties may be controlled reversibly simply by
bubbling CO, or N, through their solution.

The first reported CO,-switchable surfactant was based on
the reaction of CO, with a built-in amidine functional group.’
Here, the nonionic (non-surface-active) N’-hexadecyl-N,N-
dimethylacetamidine compounds were converted to charged
N’-hexyldecyl-N,N-dimethylacetamidinium bicarbonate surfac-
tants after bubbling the solution with CO,. This process altered
the pH of the solution and produced a surfactant. Other
approaches, including the use of amines to form zwitterionic
adducts or ammonium carbamates, have recently received
considerable attention because the stimulating agent, CO,,

Surfactants play a pivotal role in the physical, biological, and
chemical sciences, with a world market of US $33 billion.'
Their amphiphilicity makes them the molecules of choice in
materials and biological science to generate self-assembled
structures, stabilize interfaces, affect the solubilization and
morphology of nanomaterials, and manipulate biological and
physicochemical properties such as interfacial tension and
viscosity.

Stimuli-responsive surfactants improve upon their non-
responsive counterparts by acting as levers between important
microscale and macroscale szfstem properties and readily
controllable external stimuli.” Conventionally, control of
surfactant properties is achieved through variations in surfactant
concentration, ionic strength, and pH, leading to irreversible
changes in system composition and phase stability. A change in
temperature may also be used to manipulate the surfactant
properties. However, on a large scale, this requires significant
energy input, and for certain biological applications, it may
adversely affect the activity and conformation of biomolecules.

A more sophisticated approach involves the use of external Received: March 1, 2017
stimuli to actuate changes in the surfactant architecture, Revised:  July 11, 2017
manifested as changes in the overall system properties, which Published: July 12, 2017
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Figure 1. Compounds investigated and the reaction of each anion with
CO,. Cations are (from top to bottom) dodecyltrimethylammonium,
didodecyldimethylammonium, and 1-dodecyl-3-methylimidazolium.
Anions are (from left to right) 2-cyanopyrrolide (cy), 1,2,3-triazolide
(tri), and L-proline (pro).

exhibits good biocompatibility and is nontoxic and abundant.”
At the molecular level, however, the mechanisms generally rely
on controlling the head or the tail of the surfactant rather than
the counterion, thereby limiting the range of applications in
which they can be exploited. Responsive counterions have been
reported before,” but never those that react to CO,. In this
work, through a combination of molecular dynamics (MD)
simulations and various experimental methods, we investigate
surfactants generated from reactive ionic liquids in which the
fine-tuning of electrostatics, packing parameters, and the
surrounding hydrogen bond network are all possible, resulting
in substantial responses on the macroscale. To demonstrate
potential practical uses, we show that the new CO,-responsive
surfactants can be utilized in a number of colloidal systems. In
particular, we demonstrate surfactant binding to DNA and
reversible compaction upon bubbling alternately with CO, and
N,.

It is well established that the helical structure of DNA and its
effective compaction can be achieved by the addition of
complexing cationic agents such as DTAB, whereby isolated
DNA chains undergo a discrete coil—globule transition in
solution, even at very low surfactant concentrations (well below
the surfactant critical micelle concentration (cmc)).” The
subsequent decompaction has previously relied on cyclodextrin
additives,® which irreversibly affect the composition of the
system, or on the use of photoresponsive surfactants.’
Photoresponsive surfactants require complex synthesis and
the use of actinic light, which may be harmful to biological
materials and which also decays rapidly over long distances or
in media with a large refractive index such as emulsions,
hydrogels, and tissue. In contrast, the use of CO,-reactive
surfactants to increase the transfection efficiency is particularly
attractive in areas of biotechnology and in DNA-based
chemistry, with further potential for the reversible control of
protein (or other biomolecule) folding.

B EXPERIMENTAL SECTION

Materials and Methods. Dodecyltrimethylammonium bromide
(99%, DTAB), didodecyldimethylammonium bromide (99%, DDAB),
1-methylimidazole (99%), 1-bromododecane (>97%), pyrrole-2-
carbonitrile (96%, cy), 1H-1,2,3-triazole (97%, tri), L-proline (>99%,
pro), trizma base (99.9% titration), and ethylenediaminetetraacetic
acid (99%, EDTA) were purchased from Sigma-Aldrich and used
without further purification. Cyclohexane (99.9) was purified
(Supporting Information). 1-Methyl-3-dodecylimidazolium bromide
(Cj;mimBr) was synthesized by mixing equimolar amounts of 1-
methylimidazole and 1-bromododecane in acetonitrile followed by
refluxing overnight. The resulting white solid was washed with ether.
CO,-reactive surfactants were synthesized by converting the halide ion
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through an ion-exchange technique using a strong ion-exchange resin
(Dowex S50A) as follows: 1 equiv of surfactant (typically ~80 mmol)
was dissolved in EtOH/H,O (1:1 v/v) and passed through a column
(30 cm X 1 cm?) of the prewashed resin. The hydroxide form of the
surfactant then reacted with an aqueous solution (1 equiv) of the
appropriate counterion. The solvent was removed by evaporation and
drying in vacuo for 48 h. The synthesized compounds were
characterized by 'H NMR, with the observed shifts consistent with
expected values (Supporting Information), and the loss of bromide
ions was observed using elemental analysis.

Electrical Conductivity (ks). The electrical conductivities were
determined using a Jenway model 4510 conductivity/TDA con-
ductivity meter, with the temperature controlled at 25 + 0.1 °C
(thermostatic water bath). Critical micelle concentrations were
calculated from break points between the high {dx/d(conc)} and
the low {dk/d(conc)} branches of behavior.

SANS Measurements. Small-angle neutron scattering was carried
out at BL-6B (EQSANS), Spallation Neutron Source, ORNL, Oak
Ridge, TN.® Measurements were carried out using sample-to-detector
distances of 1.3 and 4 m, which collectively probe a range of
momentum transfers from 0.004 to 0.6 A™'. Data reduction followed
standard procedures, and the reduced data were normalized to give the
absolute scattering cross section, I(Q) (cm™), as a function of
momentum transfer, Q (A™"). Surfactant samples were prepared at 2/
5/10/20 X cmc using deuterium oxide (D,0), (scattering length
density p = 6.38 X 10" cm™) to provide the necessary contrast and
were placed in Starna fused silica cuvettes (path length 2 mm). A low
level of residual incoherent scattering was accounted for by a small flat
background term in the data analysis. Data were analyzed in absolute
units (I(Q)/cm™") with fitted scale factors consistent with expectations
based on sample compositions. Data were analyzed by model fitting
(Supporting Information), whereas microemulsion and polymer
structural parameters were extracted using Porod analysis and model
fitting (Supporting Information). Microemulsion pseudo-phase-
diagram preparation is also detailed in the Supporting Information.

Surface Tension. The surface tension between aqueous surfactant
solutions (2 X cmc) and air was measured at 25 + 1 °C using a Kriiss
drop shape analysis DSA1 apparatus. This instrument obtains spatial
coordinates of a drop edge (shape and size), which are then used to
calculate the surface tension. Measurements were acquired until steady
values of the surface tension were reached. The calibration used the
surface tension of pure water (Millipore, 18 MQ).

Melting Points. Each melting point was measured using a TA
Instruments DSC Q2000. The heating ramp for each sample was 10
°C min~".

Dynamic Light Scattering. Dynamic light scattering measure-
ments were carried out to define the boundaries at which DNA
compaction occurred. DLS measurements were carried out on a
Brookhaven Instruments NanoBrook ZetaPALS (NY) using a
constant scattering angle of 90° at 25 °C. All solutions were made
dust-free by filtration through cellulose acetate membranes of 0.45 mm
pore size (Millipore, USA). DNA (from salmon sperm, 15632-011,
2000 bp) was purchased from Life Science Technologies (MA).

Circular Dichroism (CD). Circular dichroism spectra were
collected on an Aviv Biomedical model 202 CD spectrometer (NJ)
in 1.0 cm quartz cuvette cells over a wavelength range of 320 to 220
nm with an integration time of 2 s and 1 nm data intervals.

DNA Visualization. These experiments utilized 165.6 kilo-base
pair T4 DNA (Nippon Gene). DNA was diluted from stock
concentration using a solution of 4% by volume f-mercaptoethanol
(BME, Cabiochem) in 0.5X Tris-borate-EDTA buffer (Sigma-Aldrich)
and stained with YOYO-1 intercalating dye (Invitrogen) at a dye ratio
of 1 dye molecule per 4 base pairs. Images were taken for a DNA
concentration of 0.63 pM (0.0687 ug mL™') and surfactant
concentrations of ~3.3 mM.

Modeling of the Surfactants. Surfactant modeling was under-
taken using force-field forms and parameters that are consistent with
the OPLS-AA paradigm. This was done because simulations of
surfactant molecules in the bulk and interfacial aqueous environments
that utilize the OPLS-AA force field are in good agreement with
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experiments.”'® Despite their lack of explicit polarizability, OPLS-AA-
compatible parameters have been utilized by several authors to study
the interactions of halides in, and with, water.'"”'> These simulations
are in semiquantitative agreement with, and reproduced interhalide
trends are obtained by, studies that have utilized polarizable models.
The SPC/E model for water was used in these simulations because of
its relatively simple structure and satisfactory reproduction of the
aqueous environment around amphiphiles."

Partial charges and dihedral profiles (specifically the O—C—N—-C
and O—C—N-N dihedrals associated with the complexed CO,
moiety) in the molecular models of the CO,-responsive counterions
studied here were parametrized per the methodology of Padua and co-
workers,'* whenever these parameters could not be directly obtained
from the literature. The N—N—N angle and angular force constant
were taken from the study of triazolium-based ionic liquids by Yan et
al."® Parameters for 2-cyanopyrrolide were obtained from a simulation
study by Wu et al.'® Bond lengths, angles, force constants, and
dihedrals pertaining to the CO, functional group and its attachment to
the counterions were taken from the study on the effect of CO,
complexation on ionic liquids by Gutowski and Maginn.'” It must be
emphasized that the purpose of the current study is to compute the
changes in interfacial and bulk behaviors of the counterions before and
after complexation with CO,. Consequently, we are more interested in
comparing the same counterion, with and without the cojoined COO
moiety, than we are in comparing behaviors across counterions.

Simulation Methodology. Partial atomic charges for the
uncomplexed and complexed counterions were calculated using the
CHelpG approach in Gaussian 03'® with electron densities computed
at the MP2/cc-pVTZ(-f) level after an initial geometry optimization
carried out at the HF/6-31G(d) level. Partial charge color maps were
generated using Avogadro.'”

The distributions of hydrogen atoms around the counterions and
the numbers of hydrogen bonds associated with each counterion in a
bulk aqueous environment were calculated by placing a single Na*-
counterion pair in a 42 nm X 4.2 nm X 4.2 nm cubic simulation box
initialized with 2100 SPC/E water molecules and simulated in the
NpT ensemble for 2.0 ns.

The potentials of mean force of the counterions as a function of the
distance from the vacuum/water interface were calculated using a
series of umbrella sampling simulations centered around 21 equispaced
points szpanning 3.7 nm below and 1.2 nm above the Gibbs dividing
surface.”® These simulations were carried out in 4 nm X 4 nm X 11 nm
simulation boxes initialized with 1 Na*-counterion pair and 1349 SPC/
E molecules in an NVT ensemble. The depth of the counterion below
the interface was collected at intervals of 10 ps over a trajectory of 4 ns,
and the resulting position histograms were stitched together using the
WHAM algorithm. The surface pressures induced by the counterions
were computed from the potentials of mean force using the extended
Poisson—Boltzmann approach in combination with the Gibbs
ad;lorption equation following the procedure utilized by Horinek et

Each micelle simulation was initialized by inserting a single
preformed surfactant micelle of a chosen aggregation number,
generated using the approach utilized by Iyer et al,” as well as an
appropriate number of counterions, into a 9.5 nm X 9.5 nm X 9.5 nm
cubic simulation box containing approximately 24500 SPC/E
molecules. This system was then equilibrated in an NpT ensemble
for a total of 12 ns. Statistics on the counterion distribution around the
micelle were collected from the last 10 ns of each simulation.

All molecular dynamics simulations were carried out with the
GROMACS 5.0.2 package.”> Short-range Coulombic and van der
Waals interactions were cut off at 1.2 nm, with the long-ranged
Coulombic interactions described using a particle mesh Ewald (PME)
summation. Hydrogen bonds were constrained using the LINCS
algorithm permitting a time step of 2 ps to be used with a Verlet
integrator for all of the simulations. A temperature of 298 K was
maintained in all of these simulations using the velocity-rescaled
thermostat with a coupling constant of 0.5 ps. Constant-pressure
simulations (p = 1.0 bar) were carried out using the Berendson
barostat with a coupling constant of 1.0 ps.
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B RESULTS AND DISCUSSION

Surfactant Physicochemical Properties. The surfactants
studied here were synthesized using commercially available and
inexpensive starting materials (Figure 1). The driving force for
self-aggregation is the hydrophobic effect dominated by the
cation, which may be selected from virtually any cationic
moiety available. The range of potential anions is equally
broad—we investigated a chiral amino acid, L-proline (pro)—
to accommodate toxicological considerations and because it has
favorable viscosity modification properties and other aprotic
heterocyclic anions (triazolide (tri) and 2-cyanopyrrolide (cy))
due to their fast binding kinetics** and their reaction with CO,
according to a 1:1 molar stoichiometry.”>~*” The binding of the
ionic liquid surfactants with CO, was investigated using
thermogravimetric analysis (TGA). The adsorption profiles
can be seen in Figure 2. The molar uptake at 25 °C is around

115

Mass (%)

400
Time (min)

600

Figure 2. CO, absorption/desorption profile for DTA-tri as measured

by thermogravimetric analysis at 25 °C and a flow rate of 60 mL
-1

min

100 mg of CO, per g of IL. This value is around one-third
lower than the 1:1 molar absorption anticipated on the basis of
stoichiometric considerations, a consequence of the finite,
temperature-dependent reversibility of the reaction.”® The
chemical binding and physical binding were easily reversed
through a change in the gas to N, or upon increases in the
temperature. Kinetics were not investigated, but it was evident
that the CO, absorption in solution was much faster than in the
pure ionic liquid.”

Charge reorganization over large counterions can have
dramatic effects on the affinity of the counterion for other
ions’' and water.”” In particular, Gutowski and Maginn found
that changes in partial charges caused by CO, complexation led
to a stronger, more extensive, and more persistent hydrogen-
bonding network.'” To investigate whether this effect leads to a
change in surfactant physicochemical properties, two of the
most fundamental characteristics of ionic surfactants, the critical
micelle concentration (cmc) and degree of counterion binding
(Bs), were determined via electrical conductivity measurements
[Figure 3 (see also Figures S1 and S2) and Table 1]. The cmc’s
can be reduced by exchanging the halides of the inert
surfactants (which do not bind to CO,) with large organic
anions. This is surprising because the large organic anions
should be less effective at screening cation—cation headgroup
repulsions and therefore would be expected to increase the
cme. In general, § increases slightly, which suggests that the
larger reactive anions are attracted more strongly to the micelle
surface than are the smaller halides. Upon reacting with CO,,
the cmc’s change significantly, and, more importantly, large
decreases in f are observed, consistent with the ionization of
the surfactant. In the case of DTA-tri, the cmc decreases by
more than 20%, and f decreases by around two-thirds upon
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Figure 3. Conductivity data of DTA-tri and DTA-tri + CO,.

complexation with CO,. Furthermore, after bubbling with N,,
the desorption of CO, occurred with an associated reversal of
surfactant properties. It is important to note that for DTAB the
cmc does not change upon bubbling with CO,, although the
pH drops from 7.2 to pH 5.4.

The aggregation behavior of these surfactants may be
considered in terms of a combination of increasing neutraliza-
tion of surface charge due to counterion binding, which
promotes the formation of micelles at lower surfactant
concentrations, and a decreasing entropic penalty when
counterions that interact weakly with water condense on the
surface of the micelle.

MD simulations reveal significant differences in the
interactions of the counterions with water (Figure 4). The
radial distribution function of water molecules around an ion
provides a convenient means to measure its hydrated radius.”
The radial distribution function g(r), shown in Figure 4 for
counterions tri, cy, and pro, is a measure of the probability of
finding a water molecule at a certain distance, r, from the center
of mass of the counterion. In the three subplots representing
g(r) at the top of Figure 4, the green line, corresponding to
uncomplexed counterions, (1) increases from zero at a smaller
distance from the center of mass of the counterion and (2) is
lower for small values of r than the blue line that corresponds to
the CO,-complexed counterion. Together, these observations
indicate that the probabilities of finding water molecules at
small values of r around the center of mass of counterions tri,
cy, and pro are lower after complexation with CO,. The
addition of the relatively bulky COO moiety to the anion upon

complexation with CO, significantly increases the hydrated size
of all of the counterions.

In contrast to the consistent change in the hydrated radius of
the counterions, there is no general trend in the distribution of
hydrogen atoms around the counterions; no significant changes
are observed in the position and average number of these
hydrogen atoms in the first solvation shell around tri and tri +
CO,. Furthermore, there is only a slight difference in the
average number of hydrogen bonds associated with these two
counterions. This suggests that any disruption of hydrogen-
bond networks caused by the occlusion of the nitrogen atom at
the complexation site on tri is approximately compensated for
by increased hydrogen bonding with the COO moiety. These
conclusions are consistent with the slight differences in viscosity
observed for triazolide-based ionic liquid solutions containing
water before and after CO, complexation.*

On the other hand, the first solvation shell of hydrogen
atoms moves closer to the cy counterion after complexation,
indicating stronger interactions between the hydrogens in the
water and the CO,-modified counterions. This also results in a
significantly larger number of hydrogen bonds between the
CO,-complexed cy counterion and water. These changes in the
water structure around cy are consistent with observations by
Wu et al'® in which CO,-complexed ionic liquid tetra-
butylphosphonium 2-cyanopyrrolide adsorbs significantly
more water than does its uncomplexed counterpart.

Although the position of the first solvation shell of water
molecules is unchanged between pro and pro + CO,, Figure 4
suggests that a larger number of hydrogen atoms occupy this
shell around pro + CO,. This increased occupancy is also
manifested as an increase in the number of hydrogen bonds
involving pro + CO,. In this respect, pro-based ionic liquids are
expected to behave similarly to glycine-based and alanine-based
ionic liquids in interacting more strongly with water in the
presence of CO,.*

The hydration environment around the counterions plays a
key role in determining their enthalpic and entropic
stabilization during solvation. Potential of mean force curves
(Figure S) describe the change in the Gibbs free energy, AG, of
each counterion as a function of its height, z, above the Gibbs
dividing surface at the air/water interface. The lower PMF
curve in Figure 5 for the CO,-complexed tri counterion

Table 1. Physicochemical Parameters of the Surfactants Considered”

compound M,,/(g/mol) mp/(°C)

DTAB 308.34 246
DTA-tri 296.48 57
DTA-tri CO, 340.49

DTA-cy 319.53 ~49
DTA-cy CO, 363.54

DTA-pro 342.56 52
DTA-pro CO, 386.57

C,,mim Br 33135 43
C,mim-tri 319.49 35
C,mim-tri CO, 363.50

DDAB 462.63 158
DDA-tri 450.79 43
DDA-tri CO, 494.80

cme/(mM) p Yaxeme/ (MN/m)
15.1 (14.5%) 0.72 (0.75%) 383
114 0.77 386
8.80 026 338
11.0 0.80 325
12.0 0.13 337
8.76 0.26 38.5
10.8 0.07 489
10.3 (11.2) 0.65 36.6
8.60 0.71 321
8.68 0.10 35.1
0.05 (0.07) 0.64 (0.53%) 27.3
0.04 033 25.6
26.0

“Values in parentheses are reported in the literature. “Data from del Mar Graciani et al.”* “Data from Gu et al.”’ “Data from Soltero et al.* In the
case of DDAB, the cmc actually represents the point at which vesiculation occurs and should be considered a critical vesicle concentration, cvc.
Counterion binding should be used as an estimate because demixing can occur above the cmc, affecting the absolute values of f.
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Figure 4. (Top) Structure of water, as quantified by the radial distribution function, around the centers of mass of tri, cy, and pro counterions.
(Middle) Number of hydrogen atoms (of water molecules) located at a given distance r from the centers of mass of the counterions. (Bottom)
Average numbers of hydrogen bonds between the counterion and the surrounding water molecules before and after complexing with CO, (green
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Figure S. (Top) Free-energy penalties as a function of the height, z, above the Gibbs dividing surface associated with transferring a counterion from
a bulk aqueous environment to the air/water interface and beyond (into vacuum) for tri, cy, and pro before and after binding to CO, (green and
blue, respectively); (bottom left) variation of the density of water as a function of the height above the Gibbs dividing surface (indicated everywhere
by the red dashed vertical line); and (bottom right) illustration of the process of transferring a counterion from the bulk aqueous environment to

vacuum.

indicates that the free-energy penalty associated with trans- ment to the air/water interface is lower than the corresponding
ferring a complexed counterion from a bulk aqueous environ- free-energy penalty for an uncomplexed counterion. In
7637 DOI: 10.1021/acs.langmuir.7b00679
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combination with the stronger attractive interactions between
adsorbed counterions and adsorbed surfactants (Figure S3 and
Table S3 in the Supporting Information), this increased affinity
of tri + CO, for the air—water interface suggests that there
should be a decrease in the surface tension of tri-based
surfactant systems after CO, complexation. This result is
consistent with our experimental surface tension values at twice
the cmc (¥, onc), Where DTA-tri has a surface tension of 38.6
mN m™' and the CO,-complexed surfactant has a surface
tension of 33.8 mN m™" (Table 1). For the cy and pro anions,
Figure 5 suggests that complexation with CO, leads to reduced
affinity of the CO,-complexed ions for the interface and,
consequently, to a greater free-energy penalty accompanying
the transfer of the ions from the bulk aqueous solvent to the
interface. Combined with the weaker attractive interactions
between CO,-complexed counterions and surfactants adsorbed
at the air—water interface (Figure S3 and Table S3 in the
Supporting Information), this suggests that CO, complexation
increases the interfacial tension in these systems. Again,
experimentally, we found that y, .. values increase, where in
the case of DTA-pro + CO, this increase is around 10 mN m™!
(~22%). To put this finding in perspective, for straight-chain
surfactants, the removal of two methylene groups in the tail
increases the surface tension by around 20—30%.*® Instead, we
can achieve this surface tension increase simply by bubbling CO,
through the surfactant solution!

Self-Aggregation—Micelle Structure. We also carried
out small—angle neutron scattering (SANS) measurements at
different surfactant concentrations to show unambiguously that
the surfactants aggregate above the cmc (Figures 6 and S5—

DTA-tri DTA-tri + CO,

Figure 6. (Top) MD simulation snapshots of DTAB (left), DTA-tri
(center), and DTA-tri + CO, (right) showing the changes in size and
aggregation number, N, before and after bubbling with CO,. The
color code used is C fgcyan), N (blue), O (red), and H (white).
(Bottom) SANS profiles for selected surfactants before and after
reaction with CO,. Lines through the data are fits using the parameters
listed in Table S3.
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§78, Table S4). At 20 times the cmc (used to directly compare
all surfactants because DDAB does not show significant
scattering intensity below this surfactant concentration), inert
parent surfactant DTAB formed ellipsoidal aggregates with a
rotational axis of R, = 16 A, commensurate with the alkyl chain
length (C12), with an aspect ratio of X = 1.5, consistent with
literature reports.®” The size of the ellipsoidal micelle decreased
slightly following the exchange of the bromide counterion with
triazolide, and the overall micelle charge, {, which determines
the structure factor (S(Q)) and reflects interparticle inter-
actions, decreased from ~+14 to ~+11. For both counterions,
the micelle aggregation number remained approximately
constant at around N, = 50. On sparging of the surfactant
solution with CO,, further reduction in micelle size, with an
increase in micelle charge to around +15, was observed. This, in
turn, was accompanied by a decrease in the aggregation number
of more than 50% to around N,g, = 21 (Figures 6). Similar and
even more dramatic results were observed for the other
surfactants and counterions (Figures S5—S8), with the dichain
surfactant exhibiting the clearest change in micelle structure,
which morphed from a lamellar-type phase into rods. This is
consistent with the reactive counterion causing an increase in
the area per headgroup (a,) of the surfactant and hence a
reduction in the value of the packing parameter (N;) according
to N, = V/a*l, where V is the surfactant tail volume and [ is the
tail length.*®

The effects of the anions on the micelle shape, size, and j
value are consistent with the Hofmeister series.”” Although
there is still an active debate in the literature about the
fundamental physics that controls the position of a given ion in
this series, several studies have identified the degree of
hydration of an ion as a key contributor.”” Counterions that
are strongly hydrated exhibit a smaller preferential affinity for
micelle surfaces and have a smaller degree of counterion
binding.*" As shown in Figure 2, complexation with CO,
increases the degree of hydration of the counterion, which in
turn results in a significantly lower degree of counterion
binding, consistent with our measured values for the
corresponding micelle (Table 1).

MD simulations of micelles with complexed and uncom-
plexed counterions also reveal that complexation with CO,
reduces the interaction energy between the surfactants and the
counterions (Table SS), which in turn effectively shifts the
distribution of counterions away from the micelle core (Figure
S9). The degree of counterion binding, f, in turn, has a
pronounced effect on the size of the micelle. An increase in the
number of counterions bound to the micelle surface neutralizes
more of the micelle surface chalrge.42 This reduction in surface
charge density enables an increase in micelle size, an effect
observed in several other cationic surfactant systems.*'
Therefore, the observed decrease in counterion binding upon
CO, complexation leads to a decrease in micelle size, which is
consistent with our SANS results (Figure 6). These findings
allow the control of various colloidal systems such as emulsions
stability and microemulsion droplet size (Figures S10 and S11
and Table S6) applicable to a range of colloidal systems.

Reversible DNA Compaction. The most remarkable result
obtained in this work, however, involves the reversible
compaction of DNA. Initially, cationic surfactants interact
with DNA through electrostatic interactions, and it has been
postulated that DTAB binds to DNA with one DTAB molecule
bound per DNA phosphate group.”” To induce DNA
compaction, a reduction of intramolecular electrostatic forces
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by ~90% must occur through charge neutralization.* This is
followed by hydrophobically driven cooperative binding, which
releases both the counterions bound to the DNA and the
surfactant molecules into the bulk aqueous environment. The
surfactant-induced compaction of DNA leads to a decrease in
the complex hydrodynamic radius, with commensurate changes
in its translational diffusion coeflicient. We determined, using
circular dichroism (CD), that our CO,-reactive surfactant does
not disrupt the integral structure of DNA in the stable region of
the phase diagram (Fi§ure S12). Circular dichroism shows the
characteristic 8 form,* with a negative peak at 248 nm due to
the helicity of DNA, a positive peak at 285 nm due to base
stacking, and a crossover peak at approximately 260 nm
corresponding to the maximum wavelength for normal
absorption. The inert DTAB and the CO,-reactive surfactants
DTA-tri (both before and after CO, complexation) bind to the
DNA duplex with no change in the peak positions, indicating
that the f form persisted. The lack of a CD spectrum above 300
nm indicates that no DNA compaction occurred.

Dynamic light scattering (DLS) measurements can probe
this change directly and noninvasively, showing coil—globule
coexistence in bulk solution. For the relatively small DNA that
we studied (2000 bp), it is possible to resolve the fast and slow
diffusive modes at a scattering angle of 90°. Therefore, no
special analysis was required to extract a hydrodynamic radius
from the autocorrelation functions. In particular, DNA
extended coils diffuse slowly compared to surfactant-compacted
DNA. At a surfactant to DNA base pair ratio (X = [surf]/
[PO,7]) of 2.48 and relatively low DNA concentration (76 uM,
Table S7), DTAB and DTA-tri reduced the hydrodynamic
radius of DNA by around 85% (from 196 to ~30 nm). The
persistence length of DNA, which is usually 50 nm, with
contributions from the intrinsic persistence length (30 nm) and
from the charge repulsion of the phosphate groups (20 nm at
0.1 M),* is reduced significantly upon binding of the DNA by
the surfactant, which alters these charge repulsions. The
resulting surfactant—DNA complexes were stable in solution
for more than 1 week. This was similar to results reported by
Cardenas et al., who showed that CTAB induced a transition of
the DNA hydrodynamic radius from about 100 nm to about 50
nm (~50%).* In comparison, DTA-tri + CO, compacted
DNA less efficiently than did inert parent analogue DTAB or
DTA-tri, resulting in a 53% reduction in hydrodynamic radius
(92 nm) at X = 0.33. Decompaction began at higher surfactant
concentrations, and for X > 1.65, full decompaction was
observed with the onset of agglomeration. Precipitation, which
occurred during the latter stages of compaction, could also be
controlled reversibly, an effect that may be exploited in
biomolecular extraction and purification operations. It should
be noted that the pH of 7.9 of the buffered solution before
bubbling with CO, decreased to 5.9 after the solution was
sparged with CO,. In this range, DNA is fully charged (pK, of
its phosphate groups is around 1.5). Therefore, it may be
assumed that all conformational transformations of the DNA—
surfactant conjugates in the system are attributable to CO,
binding and not to pH changes.% As described earlier, the
overall compaction process is driven primarily by the large gain
in translational entropy associated with the release of the
counterions. Consequently, in general, compaction ability is
controlled by the position of the counterion in the Hofmeister
series, with hydration playing a key role."’ For the triazolide ion
studied here, we can estimate the entropy increase accompany-
ing the release of counterions from the micellar environment by
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the entropy of solvation calculated in the MD simulations. In
particular, our results indicate that the transfer of a tri
counterion into a bulk aqueous environment should be
accompanied by a significantly greater gain in entropy than
that accompanying the transfer of the CO,-complexed tri +
CO, counterion. This change in the entropy gain is also
consistent with the increased free-energy penalty observed for
the transfer of a tri + CO, counterion to the air—water
interface. This difference in solvation entropy can explain the
significant difference in the experimentally observed ability of
DTA-tri and DTA-tri + CO, to compact DNA.

Fluorescence microscopy was used to detect the compaction
of 165.6 kbp T4-DNA molecules directly (Figure 7). The
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Figure 7. (Top left) DNA compaction by inert DTAB (red circles)
and by reactive DTA-tri before (green squares) and after (blue
triangles) bubbling with CO,, as a function of the surfactant to DNA-
phosphate molar charge ratio, X, at 25 °C. (Top right) Reversible
aggregation of DNA—surfactant conjugates upon bubbling with CO,
and N,. (Bottom) Fluorescence images of T4-DNA molecules in (left)
the elongated coil form in buffer, (middle) the globular conformation
upon addition of DTA-tri, and (right) the re-expansion of DNA after
bubbling with CO,. [T4-DNA] = 0.63 pM.

images clearly show that the extended-coil (wormlike)
structures of the native DNA become compacted to form
globular objects with no evident coils present after the addition
of DTA-tri (X = 26). On the basis of microscopy measure-
ments, it has been reported that large concentrations of CTAB,
TTAB, and DTAB, X = 42, 160, and 600, respectively, are
necessary to completely condense T4-DNA;* therefore, DTA-
tri is a more effective compaction agent. Subsequent bubbling
of the solutions with CO, for 2 min (i.e., an order of magnitude
shorter time than in the case of the analogous photoresponsive
systems) leads again to the formation of coils (a small fraction
of globules coexist).

B CONCLUSIONS

We synthesized responsive surfactants with a CO,-reactive
counterion and demonstrated through thermogravimetric
analysis CO, binding of up to 100 mg CO, per g IL, which
could be reversed upon changing the gas to N,. In contrast to
previous methodologies,” " in our system the surfactant
properties are modulated through counterion manipulation,
which allows for a broader selection of responsive surfactants.
In particular, by controlling the counterion rather than the head
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or tail of the surfactant, reformulation in existing industrial
applications (e.g, enhanced oil recovery process) should be
more attractive because the synthesis of unusual surfactants will
not be required.

The effect of CO, binding was twofold. First, it caused
charge reorganization, and second, it altered the shape and size
of the counterion. Electrical conductivity data showed that
these effects caused a reversible shift in the cmc and binding
constants, and SANS showed unequivocally that changes in
micelle (and vesicle) shape, size, and aggregation number
occurred. In particular, for DTA-tri, upon binding to CO,,
intermicellar interactions decreased by more than 20%, and the
aggregation number decreased by more than 50% from N,g, =
50 to 21. MD simulations corroborated these findings, revealing
that complexation with CO, reduces the interaction energy
between surfactants and counterions, which shifts the
distribution of counterions away from the micelle core. In the
pursuit of more controlled and sophisticated applications than
are possible with other surfactant systems, we also investigated
potential applications such as DNA compaction. Here, the new
responsive surfactants could compact DNA to below its native
persistence length by removing all effective charges. By
bubbling with CO,, this process could be reversed, with the
potential to impact research across the biological sciences. For
example, polymer analogues with L-proline counterions have
already been synthesized as gene vectors.”” However, the
researchers behind these studies did not report any CO,
responsiveness.
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