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Molecular Rotation at Negatively Charged Surfactant/Aqueous Interfaces
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The effect of charge on the rotational dynamics of the molecular probe coumarin 314 (C314) at air/water
interfaces covered with the negatively charged surfactant sodium dodecyl sulfate (SDS) was investigated
using femtosecond time-resolved second harmonic spectroscopy. The out-of-plane orientational time constant
at the highest SDS surface coverage of 16@&r molecule is 383 9 ps. The rotational dynamics is slower

than at the air/water interface where the out-of-plane reorientational time constant i#s 83fs. At the

air/water interface the rotational dynamics is over three times slower than the bulk orientational diffusion
time of 100 ps. The relatively small effect of the surfactant charge density on the C314 rotation time constant

is surprising, considering the marked dependence of the C314 orientation, spectra, and surfactant phase diagram
on surfactant density.

Introduction interfacial water structure, experiments were initiated to deter-

) ) ) . mine the effect of charged interfaces on molecular orientational
The asymmetric environment at an interface presents a uniquegynamics.

chemical milieu for molecular adsorbates. Molecular interactions
and motions at the interface are different from those of the bulk
liquid due to both the change of solvent properties at the
interface and the inherent anisotropy of the interfacial environ-
ment!~6 The time varying torques exerted by solvent molecules,
which are responsible for the solute molecule’s rotational
motions, are anticipated to be different at an interface compared
with the bulk liquid. The origin of these differences is the change
in density and the orientational dependence of the intermolecular
potential at the interface. These factors effect an anisotropic
orientation and a preferred alignment (up vs down) of adsorbed

molecules and a solvent structure unlike that of the bulk liduid. with the negatively charged sulfate groups immersed in the water
Second harmonic generation (SHG) is a well-established andp 556 and the hydrophobic dodecane tails extended into #e air.

powerful method to study interfaces, and of special value for |; shqyid be noted that the simplicity of such a system has certain

systems where the molecules of interest are present in the bU|kadvantages. For example, one can easily vary the surface charge

media bounding the interfa(_:e as well as at the inte_rface frsEIf. density by changing the bulk SDS concentration as well as by
For such systems the contribution of the bulk species to whateverchanging the charged headgroup and alkane tail. In this way

spectroscopic signal is being detected will generally overwhelm j¢,mation regarding the effects of the lipid structure and lipid

the signal from the much lower interface population of the yensity on interfacial dynamics can be realized. Using such a
species being investigated. There are cases where the moleculeg,qqe| system, we have studied the ultrafast solvation dynamics
of interest are so strongly interface selective that linear spec- ¢ 314 at negatively charged air/water interfaces at various

troscopies can be used successfiiprevious femtosecond  parge densitiesThe studies of rotational dynamics of probe
pump-—probe studies in this laboratory have reported a signifi- 1 51acules at the SDS/water interface is a continuation of our
cantly slower reorientation time of the dye molecule coumarin ¢ ,dies on molecular motions at liquid interfaé@gt 27

314 (C314) at the air/water interface than the value of 100 ps In this paper we report the first measurements of the out-of-

in bulk water using a closely related coumarin molecdfThe . ) ;
slower rotational relaxation time of C314 at the air/water plane rotat_|on dynamics Of. c314 at_ negatively charged surfac-
interface than in bulk water indicates that the rotational friction tant/water mterfacgs. The introduction of a char_ged m°”§’7'ayer
is larger at the interface. At the water surface, the water Ch?r‘g?s the ordering of Watgr mol.ecules at. the intefféce;
molecules form more orde;ed hydrogen bonding nétworks than which in turn can affect the orientational motion of the adsorbate
in the bulk wate314This more highly ordered water structure C3i]4 atthe interface. The three surfacedCOégrr%glges ?f SE;S used
. : . in these experiments were 500, 250, and 1 ecule. The
hinders the rotation of C314 at the interface. It has been shown2D phase diagram of SDS in a 181 C314 solution is shown

that the structure of water is further altered at charged ;| = ' .
interfaces515-19 Because of this charge induced change in the ' Figure 1. We note also that the bulk SDS concentrations are
well below the critical micellar concentration (8 mi¢f).

. B ) — Isolation of the out-of-plane orientational component of the
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Charged interfaces are ubiquitous, ranging from aqueous/
mineral oxide interfaces to aqueous/cell membrane interfaces,
as two examples. It is found that biological membrane/agueous
interfaces usually contain negatively charged phospholipids in
the lipid bilayer that constitute the membrane. To mimic
negatively charged biointerfaces, we have chosen to investigate
monolayers of anionic surfactants at the air/water interface,
because of their simplicity. In the present study the rotational
motions of C314 at the anionic sodium dodecyl sulfate (SDS)
[CH3(CH,)1;0SO Nat]/aqueous interface were measured. SDS
dissolved in water forms a monolayer at the air/water interface
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Figure 1. 2D phase diagram of SDS monolayers (A) without coumarin, Wavelength (nm)

and (B) with 154M coumarin 314. Figure 3. SHG spectra of C314 at th@) SDS air/water interface
(surface coverage of 1002ADS molecule) and at th&j neat air/
water interface. The linear absorption spectrum of C314 in bulk water
is also shown.
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produce tunable probe beam output with energies qgidBer
z pulse. The probe wavelength is 836 nm for the air/water
T measurements and 858 nm for the SDS/water measurements.
{—4--8—@ We note that the probe beam is two photon resonant with the
W f4; coumarin 314 dye molecules at their respective interfaces. The
’ . / polarization of the circularly polarized pump beam is controlled
\ @ SHG 2® using a quarter wave plate. The pump beam is incident normal
Probe m to the sample surface. The probe beam is polarized ‘aivith
v respect to the incident plane and incident &t @0the interface
normal. The sample is contained in a shallow Teflon beaker
mounted on a stage rotating at 2.5 rpm to minimize heating
and degradation effects. Thg?,,, element of the resultant
second harmonic signal is selected by an S-oriented Glan-Taylor
polarizer with a short wave pass glass filter and several apertures
used to block the fundamental prior to the collection optics.
the interfacial normal, excites C314 molecules to their lowest Thex-axis is in the plane of the interface and perpendicular to
excited singlet state (Figure 2). The orientational equilibrium the plane of incidence with treaxis defined as normal to the
distribution at the interface is perturbed by the pump pulse interface. The first subscript gf?\.indicates the polarization
because the molecules whose transition moments have largePf the SH light; the next two subscripts indicate the polarization
components along the polarized light field are preferentially components of the incident probe light. The generated SH signal
excited. Initially the ground state molecules are isotropically is focused into &4 m monochromator (Jarell Ash) and detected
distributed in the interfacial plane because of the inherent in- by @ photomultiplier tube (Hamamatsu). Laser-grade coumarin
plane isotropy of liquid/air interfaces. Thus for normal incidence 314 (Acros) was recrystallized from ethanol and sublimed in
the equal intensities of the circularly polarized pump light along Vacuo at 40°C. A 15 uM solution was made using ultrapure
all in-plane directions, yields an in-plane isotropic distribution Wwater (resistivity= 18.2 MQ-cm, Millipore Corp). The GC-
of excited and ground state molecules. There is therefore nograde SDS (Fluka) was purified by dissolving in hot 95% EtOH
time-dependent change in the in-plane orientational distribution (14 mL/g) followed by filtering and cooling. This process was
because the in-plane (ang}® distribution of molecules, both ~ repeated five times followed by drying overnight in a vacuum
excited and ground state, is isotropic in the plane of the interface. desiccator. Three SDS concentrations, 0.05 mM, 0.125 mM,
Thus the kinetics observed are only due to out-of-plane motions @hd 0.6 mM corresponding to the surface coverage of 500, 250,
of the C314 molecules because the circular polarized pumpand 100&/molecule, were used to form the monolayers under
perturbs only the equilibrium orientational distribution in the ~Study. The monolayers were prepared by dissolving SDS in 12.5
polar angles, favoring absorption transition orientations having ML of the coumarin 314 solution, transferring the solution to a

X
Figure 2. Schematic showing the effect of normal incident circularly
polarized pumping on the excitation of interfacial C314 molecules.
Darkened C314 molecules are preferentially excited by the pump light.

large 6 values. shallow Teflon beaker, and allowing the solution to stand for
30 min prior to the start of laser experimentation in order to
Experimental Section allow for complete monolayer formation. The Teflon beakers

were cleaned prior to use by immersion in freshly prepared
piranha solution for 20 min and then rinsed with copious
amounts of ultrapure water in order to remove any trace
organics.

The pump-probe time-resolved second harmonic generation
setup is built around a regeneratively amplified Ti:sapphire
femtosecond laser system (Clark MXR) that produces 130 fs
pulses with energies ef1 mJ at 842 nm and a repetition rate
of 1 kHz. Frequency doubling a small portion of the fundamental
in a BBO crystal is used to obtain the pump excitation light of
421 nm with energies of 0,4J per pulse. The remainder of the Figure 3 shows both the surface absorption spectrum of C314
Ti:sapphire laser output pumps an optical parametric amplifier at the SDS air/water interface for an SDS surface coverage of
(OPA, Clark MXR). The idler output of the OPA is frequency 100 A%molecule, and at the neat air/water interface obtained
doubled in a phase matched 0.5 mm thick BBO crystal to from SHG measurements using tunable incident probe light

Results and Discussion
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Figure 4. Out-of-plane orientational relaxation of C314 at (A) the air/
water interface, (B) the SDS 5002/er molecule/water interface, (C)
the SDS 250 Aper molecule/water interface, and (D) the SDS 160 A
per molecule/water interface. The solid curves are single exponential
plus baseline fits of the normalized second harmonic electric field vs
picosecond delay time. At the air/water interface 336 + 6 ps, at

the SDS 500 A per molecule/water interface= 361+ 12 ps, at the
SDS 250 & per molecule/water interface= 362+ 6 ps, and at the
SDS 100 A& per molecule/water interface= 383+ 9 ps.

wavelengths. We measured the time dependence of®he

Nguyen et al.

yielding a constant SHG signal. Immediately following photo-
excitation there is a sharp decrease in signal due to ground state
bleaching and the opposing SHG contributions of the newly
excited molecules with respect to the remaining ground state
molecules. This cancellation is due to the opposite phases of
the 2 elements for the ground and excited molecules treating
the C314 as a two state system. The subsequent dynamics is
due to the out-of-plane reorientational relaxation of the non-
equilibrium anisotropy created by the pump pulse. More
specifically, the excitation pulse, which is polarizedat 7/2,

i.e., in the interface plane, generates more C314 excited
molecules with their transition moments at larggvalues,
leaving more of the remaining ground state C314 molecules
oriented with their transition moments at smallgrangles.
Following the induced orientational anisotropy there will be a
net rotation of excited molecules from larger to smallerlues,
whereas for the ground state molecules there will be a net motion
to larger6 values. Both excited state and ground state molecules
contribute to the SHG dynamics. However the contribution of
the excited molecules is decreased from its initial value (at the
time of excitation) because of ultrafast interfacial solvation
dynamics 10 ps) that brings the excited molecules to an
energy of decreased resonance with the probe light %528
The~10% baseline bleach remaining after 1.2 ns represents
the electronic ground state population that will recover on the
time scale of the interface excited state lifetime, determined to
be 4.5 n<. The solid lines in Figure 4 are fits to a single
exponential plus baseline, giving an out-of-plane decay time of
336+ 6 ps for the air/water interface, 36112 ps for the SDS
500 A2 coverage, 362+ 6 ps for the SDS 250 Acoverage,

and 383+ 9 ps for the SDS 100 Acoverage. It is evident that
there is an increase in rotation time in going from air/water to
500 A2 per molecule SDS/water, whereas in going from 500
A2to 250 A there is no observable change in the rotation time
constant. Considering the phase diagram we see that there is a
small change in the surface pressure2ldyn/cm in going from

500 A2 to 250 A2, which indicates that there is a small change
in the interfacial forces and structure that is sampled by the
C314 molecule. At 250 Aand 500 & the system is in a
“liquid —gas” coexistence region, which at these densities
consists of surfactant molecules located chiefly in “liquid”
droplets?® The density of surfactant in the droplet remains the
same until the “phase transition” to the liquid region~&t50

A2, after which a sharp rise in surface pressure is seen (Figure
1). The C314 adsorbed to the surfactant “droplets” would
experience the same local density of surfactants at both 250 A
and 500 &R. Thus it is not surprising that the rotation times are
the same within experimental error. On the other hand the
surface pressure changes by a factor of 2, from 7 dyn/cm to 15
dyn/cm, in going from 250 Ato100 A2, which results in the
increase in rotation time at the 10 overage. We find that
the C314 rotation time at the air/water interface is more than a
factor of 3 slower than the rotational time of 100 ps for a
comparable coumarin molecule, C153, in bulk watek.similar
slowing of the rotational dynamics was observed for rhodamine

second-order susceptibility element of the surfactant free C3146G at the air/water interfacd. These results suggest that the
air/water interface, and C314 at the air/water interfaces at threeinterfacial friction for the C314 absorbates is significantly larger

different SDS surface coverages. The kinetics of the out-of-
plane orientational motion of coumarin 314 at air/water inter-
faces containing SDS at a density of 500pr SDS molecule,
250 A2, and 100 & are shown in Figure 4. The normalized
SHG electric field (square root of the SHG intensity) is plotted
vs the pump delay. At negative times, i.e., before the pump

than in the bulk aqueous solution. In contrast to the slower
rotation times observed for C314 at the air/water interface,
simulations of the orientational relaxation NfN'-diethylp-
nitroaniline at the air/water interface yielded rotational relaxation
times that are faster than in bulk warThe decrease was
attributed to the lower density of water molecules at the

pulse has arrived, only ground state molecules are being probedinterface. The disagreement with the experimental results
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Figure 5. The molecular angle with respect to the interface normal of coumarin 314 at the negatively charged SDS/water interface as a function
of SDS density.

reported here could be due to differences in the structure of thereported here on C314 and the eosin B studies. In order to
probe molecule and its interface location. It is to be noted that estimate the mean and angular distribution of the adsorbed
unlike the coumarin and rhodamine 6G molecules, for which molecules it is necessary to combine the SHG results with other
an increase in the orientational diffusion time at the air/water orientational sensitive measurements such as angle resolved
interface relative to the bulk was observed, the orientational absorbance by photoacoustic detecfidn.
relaxation of doubly charged eosin B at the air/water interface  Early structural studies using X-ray scattering and surface
was observed to undergo a decrease of the orientationalenhanced IR spectroscopy have shown that there is a polar
relaxation time from 350 to 90 38.The decreased relaxation alignment of water molecules at charged metal electrode
time was not attributed to the lower density at the interface but interfaces’34 Vibrational sum frequency generation (SFG)
rather to reduced hydrogen bonding with water at the interface. measurements of water vibrations at a charged quartz/water
It is to be noted as well that the effects of hydrogen bonding interfacé133>and at a charged surfactant/water interfec¥
on the eosin B dianion rotation are not present in C314 becauseshowed that there were changes in the water structure at charged
there are no ionized carboxyl chromophores available for interfaces compared with the neat air/water interface. At a high
hydrogen bonding. Another factor that could cause the different density of charges, whether SiGt the quartz/water interface
behavior of C314 and rhodamine 6G vs eosin B is the double or charged surfactants at the air/water interface, there is a large
charge of eosin B. The repulsive image forces exerted againstelectrostatic field ¢10® V/m), which aligns interfacial water
interfacial eosin B could restrict its interfacial orientation. In. molecules and bulk molecules extending to a distance dependent
other words the orientational distribution of eosin B is signifi- on the solution electrolyte concentrati#h3® SFG studies of
cantly narrower than for C314 and rhodamine 6G. Because ofthe higher G-H symmetric stretch (31663300 cnt?) of
this the deviations in the interfacial orientations of the excited interfacial water suggest that the water, in the presence of the
and ground state molecules are reduced. Thus the orientationahegatively charged SDS, experiences higher H bond ordering,
motions required to achieve orientational equilibrium after yielding some “icelike” structures at the interfat®revious
photoexcitation is small. In contrast the initial orientations of studies in this laboratory have shown that negatively charged
eosin B are the same in all directions in the bulk solution. The surfactants, SDS and ionized stearic acid, slow the solvation
deviation from bulk isotropy induced by the polarized excitation dynamics of C314 compared with the surfactant free air/water
pulse is greater than the deviation induced in the narrow interface®2? These results were attributed to the more highly
orientational distribution of interfacial molecules. The narrow- ordered hydrogen bond structures which can cause a decrease
ness of the eosin B orientational distribution implies that a in the water diffusional mobility, i.e., a change in the breaking
smaller change in the orientation angles is required to achieveand forming of waterwater hydrogen bonds. These disparate
equilibrium. This could result in faster orientational dynamics studies of equilibrium and dynamic properties at negatively
in the interface vs the bulk solution. charged water interfaces point to an enhanced ordering of
In the discussion up to this we have not included the effect interfacial water molecules.
of SDS on the orientational distribution of the ground state C314 It is of interest to note that SFG studies have found that the
molecules. This distribution of angles is relevant to the solid maximum alignment of interfacial water molecules, as measured
angle available to the C314 rotational motions. Although the by changes in the SFG vibrational spectra, is achieved at a SDS
orientation of C314, assuming a sharp distribution, changes surface coverage of 2502Anolecule® The further increase of
markedly in going from the air/aqueous interface to the 160 A SDS surface coverage appears to have only a mimimal effect
SDS/aqueous interface (Figure 5), we cannot infer how the solid on alignment of interfacial water molecules as detected by SFG
angle available to the C314 rotation is affected. Knowledge of measurements®®Therefore the observed slowing of rotational
the orientational distribution would be of value to both the work dynamics, though small, for the SDS surface coverages from
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