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The effect of a positively charged dodecyl trimethylammonium bromide (DTAB) surfactant on the aqueous
solvation of coumarin 314 (C314), a solvatochromic molecule, at the air/water interface was investigated.
Steady-state and femtosecond time-resolved second harmonic generation (SHG) spectroscopy was employed
as a surface-selective tool to characterize the solvation of C314. The molecular orientation and the static and
dynamic solvation of the probe C314 at the positively charged surfactant interface were found to be significantly
different from that at the previously studied neat air/water interface and at a negatively charged surfactant
air/water interface. Steady-state SHG spectra show a red shift and therefore increased local polarity at the
positively charged interfacélax = 436 nm) compared to the negatively charged interfaggs & 431—

432 nm) and the surfactant-free air/water interfakg,(= 423 nm), though less polar than bulk water (448

nm). Two diffusive dynamical time scalesandr, of aqueous solvation were obtained at the DTAB interfaces,

as is the case at air/water, at negatively charged surfactant interfaces, and in bulk water. Both the solvation
times and their relative amplitudes change as a function of the positively charged surfactant surface coverage.
As the DTAB surface density increases from 508molecule to 100 Amolecule, the fast component

slows from 380 to 550 fs, whereas the amplitude of the slower solvation compaorisireduced to almost

zero. This is significantly different from the behavior observed at the negatively charged surfactant interfaces.

Introduction in the aqueous region between the surfactant headgroups the
orientation of water molecules is preferentially oriented opposite
to water molecules immediately neighboring the anionic sur-

Eirc?gelft?l?sismg#gIrm%l:éilcglzorgcgarr:i?%goIsglftr 93;0tr:rr:iséiugfuon’factant headgroup versus the same preferred orientation for the
Y ’ 9 prop cationic surfactant headgroup. Besides the electrostatic inter-

water near thesg mterfaces'profound!y affect both the energetlcsaction of the positively versus the negatively charged surfactant
and the dynamics of chemical reactions at these surfaces. Fo

example. the dvnamics of solvation can be a rate-limiting ste ith water molecules, its interactions with the permanent dipole
example, 1 Y . . NG S 1 oment of €314 would align the C314 molecules in the opposite
in interfacial electron transférDue to the interactions with the

X . . o ) Lo direction.
multitude of interfacial moieties present at a biological interface,

properties of water near the interface may be drastically different Monolay_ers of lipid surfactant_s present a convenient mc_x_jel
from bulk water. In fact, the term “biological water’ has been system which can be used to mimic the chemical composition

coined to describe a thin layer of water adjacent to biological an(_i electrlc_ chargg of the more complex biomembrane ;urfaces,
structures such as cell membranes, organelles, and préteins. Wh'le_ ?‘"OW'”Q a high deg_ree of control over the experimental
In a series of previous publications, we have focused on the conditions. Surfactants with a chosen headgroup may be used

static and dynamic solvation at model interfaces, monolayers to selectively §tudy the effects of the chemipal functionalities .
of neutra¥ and anionic surfactants at the air/water interfage, ~Presentat the interface. Surface charge density can be systemati-

In the present study, we investigate the effect of the positively cally altered by a_djustlng_ th? SL_Jrface coverage and, in some
charged surfactant monolayer on the aqueous solvation of theCas€s, by controlling the ionization state of the he.adgroup .by
same probe dye molecule, coumarin 314. This allows a direct 24usting the pH of the aqueous phase. In our previous studies,

comparison of the effects of positively versus negatively charged two anionic surfactants were used, i,.e., sodium dodecyl sulfate,

; oo SDS CH(CH,)1:0—SO;~—Na', and the negative form of
surfactants on the process of aqueous solvation. Con3|der|ngS . ) o
electrostatic forces, the oppositely charged surfactants will tend stearic acid, Ch{SH;)1sCO0". The surfactant used in this study

to orient interfacial water molecules in opposite directions. The is a cationic one, dodecyltrimethylammonium bromide, DTAB,

negatively charged surfactant favors the water molecules to beCH3(CH2)11—N+(CH3)3_Br_ ' ) )
in the “hydrogen up” directiof? opposite to the preferred water Two aspects characterize the process of solvation. Static
orientation at the air/water interface, where the majority of Solvation describes the equilibrium energy stabilization of a
hydrogens point down perpendicular to the surfc& On the solute by interactions with the surrounding solvent molegules.
contrary, the positively charged surfactant tends to orient the !N the case of dipolar solute and solvent molecules (as in the
water molecules “oxygens ug?i.e., in the same direction of ~ Present study), this energy is often dominated by the electrostatic

the preferred water orientation as at the air/water interface. Thus,diPole—dipole interactions and specific interactions such as
hydrogen bonding. The response of the solvent to a solute charge

* Present address: Department of Chemistry, Wayne State University, 'edistribution is not instantaneous and is referred to as solvation
Detroit, MI 48202. dynamics. For the dipolar aqueous solvation, this relaxation

Surfaces of biomembranes host many fundamental biological
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dynamics involves orientational and translational motions of the
water molecules, and associated rearrangements of the aqueous
hydrogen bond network. Bulk water is characterized by 3
characteristic solvation time scales. The so-called inertial
component is within @ ~ 25—30 fs rangé®*~1° and arises from
unhindered librations of water. The two “diffusive” components
have characteristic timeg = 130250 fs andr, = 0.69-1.2
ps and are due to the rearrangement of the hydrogen bond
network, i.e., breaking and making watewater H-bondg$3-15

At both the air/water and surfactant air/water interfaces, two
diffusive solvation times have been observed using femtosecond
time-resolved second harmonic generation (TRSHG). This
surface-selective spectroscopic tool provides a way to focus only
on the probe molecules adsorbed at the interface, with no 400x10™%
contribution from the bulk phase. Previously, it has been found 1
that 71 and 7, depend on the surface density of the anionic 300
surfactan Here, we demonstrate that, despite some qualitative ]
similarities, the behavior of the two diffusive time scategnd
72 as a function of the positively charged surfactant coverage
is different from the negatively charged surfactant case. The
orientation of the probe molecule and its static solvation are
also found to be different at the oppositely charged interfaces.

In general, three types of interactions may affect the molecular 0
structure and dynamics near the interface: (1) long-range
electrostatic interactions of water dipoles with the field of the
charged planar surface and interactions of the dipolar probe
molecule with water dipoles and with the charged interface, (2)
short-range chemically specific interactions such as hydrogen
bonding between water molecules and the surfactant headgroup
moieties (e.g., CE(CH,)1.—S0O, ), and (3) hydrophobic inter-
action of the surfactant headgroup (e.g., methyl groups of
DTAB) with water molecules. The discovered differences
between the effects caused by cationic versus anionic head-
groups at the aqueous interfaces indicate the asymmetry of the
water response with respect to the sign of the applied electric
field and point to the importance of specific local interactions
such as hydrogen bonding of the sulfate headgroup of SDS with
interfacial water molecules in contrast with the hydrophobic
interactions of the trimethylammonium headgroup of DTAB
with surrounding water molecules.
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Figure 1. (A) Surface tension of dodecyl trimethylammonium bromide
(DTAB) solutions in water ©) and in 15uM coumarin 314 water

. | . solution @) as a function of DTAB bulk concentration. (B) Surface
Experimental Section excess of DTAB as a function of bulk concentration calculated using

Saturated aqueous solutions of laser grade coumarin 314the Gibbs adsorption isotherm. (C) 2D-phase diagram (surface pressure
(Acros) were prepared in deionized double-distilled water by 7 n‘és O?Irzal'%f;ﬂzgﬁa aﬂﬁ'gﬁﬂ%ﬁ;?gﬁ&?gdwers on watey (
sonicating, heating and stirring for 2 h, and then allowing the '
solution to equilibrate to room temperature for atleast 3 h. The g 5 function of the bulk surfactant concentration, as described
b_qu dye cor_1centrat|oft = 15uM was obtained from the Uv by the Gibbs adsorption isotherm
vis absorption spectroscopy using the molecular extinction
coefficient of C314% Dodecy! trimethylammonium bromide 1 dy
(DTAB) was purchased from Aldrich (98% purity) and was Ipras = — 2RT 3N Corna] (1)
used without further purification. Its molecular structure together DTAB

with C314 is schematically shown here. whereTI'prag is the surface excess of the surfacta®iyag is

the bulk concentration, andis the surface tension. The factor
2 in the denominator reflects adsorption of a completely
dissociated ionic surfactant.

A Wilhelmy plate balance was used to measure the surface

N , . i
(ﬁ\ CH; tension of the aqueous solutions containing a saturated concen-
C in 37 3 CH; tration of coumarin 314 and variable concentrations of DTAB.
oumarn - DTAB The resultany versus InCprag curves, presented in Figure 1A,

were fitted and differentiated using eq 1 to calculate the DTAB
The arrows in C314 show the permanent dipole momegnt  surface excess, Figure 1B. As a reference, we also show the
and the transition dipole moment of thg 8 S, transitiongge surface tension curves in the absence of coumarin 314. The
(=ue — ug). DTAB is a water-soluble surfactant that readily difference between the two curves is due to the adsorption of
forms positively charged monolayer films. The surface coverage C314, which is surface active and interacts with the DTAB
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surfactant and the water organized about the DTAB surfactant. Surfactant surface density I (molecules/cm °)
The effect of C314 on the DTAB phase diagram relative to the Figure 3. (m) Effect of the cationic DTAB surfactant on the molecular
phase diagram without C314 is shown in Figure 1C. For orientation of coumarin 314 at the air/water interface, as a function of
comparison, Figure 2 shows the phase diagram of SDS with the DTAB sqrface density) Mo!ecular o_rientation of coumarin 314
and without C314. It is clear that the effect of C314 on the &t the anionic SDS surfactant air/water interface.
DTAB phase diagram is different from that on the SDS phase
diagramé An explanation of this different behavior is proposed
in the Results and Discussion section. Three DTAB bulk
concentrations, 0.14, 0.5, and 2.0 mM, corresponding to the 4
surface coverage of 500, 200, and 1_0?1133TAB molecule, were <1 uJipulse. The pumpprobe delay was controlled using an
chosen for the time-resolved sqlvatlon dynamics measurementsoptical delay line equipped with a stepper-motor driven transla-
Ngte that all three_ concentrations are well below the critical tion stage. The two beams were overlapped at the sample
micelle concentration (cmc) for DTAB, 14 mM. surface, where the spot size of the pump beam wa$ mm,

A detailed description of the second harmonic generation whereas the probe beam was focused to 260 The pump
spectrometer has been presented elsewifeféle home-built and probe beams were both°7dom the surface normal but
instrument is based on the regeneratively amplified femtosecondare recombined at a°4angle in the horizontal plane. This
Ti:sapphire laser system (Clark-MXR CPA-1000), which pro- enabled spatial filtering of the SH signal from the reflected pump
duces 120 fs pulses a 1 kHz repetition rate. The fundamental beam after the sample using four iris apertures. The beaker was
wavelength was tuned to 840 nm, and 80% of the output (0.75 rotated at 4 rpm with the pump and probe beams focuseldsl
mJ/pulse) was used to pump an optical parametric amplifier cm off center to avoid local heating, thermal desorption, and
(Clark-MXR OPA). The idler output of the OPA was frequency bleaching of the C314 adsorbant by the single-photon resonant
doubled in a phase-matched 0.5 mm thick BBO crystal to pump beam.
produce probe pulses of tunable wavelengths. In most of the
experiments, dy = 860 nm probe wavelength was used for Results and Discussion
second harmonic generation, taking advantage of the two-photon - Ayerage molecular orientation of the C314 probe molecules
SHG resonance with C314 at the interface. The choice of the 5t the DTAB air/water interface was calculated from the SHG
SH probe wavelengthigy = 430 nm) with respect to the | angle measurementsThe derivation assumes a narrow
transition wavelength of the probe molecule at the interface is grientational distribution of the chromophore transition dipole
discussed later. The sample solution was contained in a shallowyectors at the interface. In coumarin 314, the-SS, transition
Teflon beaker. The probe beam (120 «J/pulse) was incident  gipole vectoruge probed by the resonant SH@s(; = 430 nm)
at the sample surface at a°7@ngle from the vertical. The s parallel to the permanent dipole moment in the ground state
reflected second harmonic light generated at the surface of the‘ug = 8.2 D, both of which are along the longer axis of the
solution was collected using two lenses, spectrally filtered from moleculel® Figure 3 shows the effect of the positively charged
the fundamental frequency light using a glass blue short-passpTAB surfactant film on the orientatiofme of C314 with
filter and a monochromator, and detected using a photomultiplier respect to the surface normal. The results indicate that the C314
tube (PMT). The PMT signal, typically corresponding te ) molecules become increasingly aligned more perpendicular to
photons collected per laser shot, was time-gated a kHz the interface as the surface coverage of the positively charged
repetition rate triggered by the Pockels cell driver of the Ti: surfactant increases. This may be an indication of the alignment
sapphire system, then boxcar averaged. This®ldifly cycle of the C314 permanent dipole along the electric field lines of
detection system allows SHG signal collection practically free the charged plane. Similar behavior was also observed in the
of the dark current noise. The polarization of the doubled idler alignment of C314 as the anionic SDS surfactant density was
laser light, which served as the probe beam, was verified to beincreased.However, the orientation change is less pronounced
better than 100:1, and its polarization was controlled using a for the positively charged surfactant interface, compared with
half-wave plate. For the molecular orientation measurements, the negatively charged interface: Admo ~ 7° change in the
the polarization of the second harmonic signal was analyzed C314 angle is observed at the 10&rolecule DTAB mono-

using a broadband Glan-laser polarizer placed in the beam path
after the sample.

A small portion of the fundamental output was frequency
oubled to produce pump pulsesigi = 420 nm with energy
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layer compared to A ~ 30° change for the SDS monolayer
of the same surface density. For this comparison, a narrow 1.0
orientation distribution is assumed. With respect to the orienta-
tion of C314, electrostatic considerations point to C314 being &
oppositely oriented at the positively versus negatively charged
surfactant interface. The observed difference in the effects of =

the positively charged surfactants on the C314 adsorbate# 0.6
orientation suggests that this process is more complex than ag
simple alignment of the C314 permanent dipole along the field.
The differences in the interactions of C314 with the positively
charged DTAB/water interface versus the negatively charged
SDS/water interface are seen not only in C314 orientation but
also in the effect of C314 on the surface pressure versus surface
Covel’agephasediagram,Figureleel’SUSFigureZ.TheC31Z TT T T T T T[T T T T[T T T T[T T T T[T T T T[T TTT T oo
induced change in the DTAB phase diagram is small whereas 390 400 410 420 430 440 450 460
it causes a large change in the SDS phase diagram. In the cas 5 — 06
of DTAB, coumarin 314 does not significantly change the 1o f\ \ '
saturated monolayer coverage40 A?molecule. On the O Aihvaterinterface @ \

contrary, in the case of SDS, the saturated monolayer coveragez, ¢ 3 — bulk absorption %
was shifted from 48 ASDS molecule in the absence of
coumarin to 80 A/SDS molecule for 15:M C314 aqueous
solution (Figure 2).

/ o 0.4
0.6 (? 5
To characterize static solvation at the surfactant-modified air/ 2 \ o 03
water interfaces, we measured the solvatochromic shift of the’ o]
S; — S transition of C314 adsorbed at the positively charged 04 02
DTAB surfactant interface using steady-state second harmonic _~70%0 N
generation spectroscopytigure 4 compares the SHG spectrum 0.2 / & h 04
o (o]

of C314 at the trimethylammonium (DTAB) interface with C314

at the negatively charged surfactant (sodium dodecy! sulfate, S RREARREARARRRRAREARRERRRRRRASRARRRER!
SDS) interface of similar coverage. Also shown are the SHG 390 400 410 420 430 440 450 460
spectrum of C314 at the surfactant-free air/water interface and
the linear absorption spectrum of C314 in bulk water. The

spectra were fitted using a Lorentzian model with a nonresonant Figure 4. Upper panel: M) SHG spectra of C314 at the cationic DTAB
background contribution as described in a previous publication. airwater interface (200 ADTAB molecule); #) SHG spectra of C314

: at the anionic SDS surfactant air/water interface (25GBS molecule).
At the DTAB interface at 200 Amolecule surface coverage, Lower panel: ©) SHG spectra of C314 at the surfactant-free air/water

the C314 transition maximum fnax= 4362 nm. In contrast,  interface. Thin solid line shows the linear absorption spectrum of C314
at the neat air/water interface, the C314 transition is peaked atin bulk water.

Amax = 423 &= 2 nm. The value oflyax = 432 &= 2 nm was
measuregl for anionic surfactant sodium dodecyl sulfate (SDS) 1,45 been found between the C314 solvatochromic shift and
at the slightly lower surface coverage of 25@/olecule.  giangarg polarity scales of bulk solvent, such as ET{8Bjom
Another anionic surfactant, ionized stearic acid (carboxylate o measurements of the absorption spectra of C314 in various
headgroup), resulted in the transition wavelength shift to p 1 solvents, we found a linear correlation between absorption
Ama=431£2 nm, which is the same as the SDS surfactant, neak wavelength and ET(30). Using this linear correlation, the
indicating that it is the negative charge and not the structure of 1(30) values of the various interfaces were directly obtained
the negatively charged headgroups, i.e., carboxylate Versusgqom the measured SHG transition wavelength. In this way, we
sulfate, that determines the shiftfhe width of the C314  hiained an ET(30) polarity of 39 for the positively charged
transition at the cationic surfactant interface (fwkmd0 nm) DTAB air/water interface at a density of 20%/&DS, and 35
is significantly broader than at the previously studied anionic o poth the negatively charged SDS air/water interface at a
surfactant inte_rfaces (sulfate, fwh#19 nm; carboxyla_tc_a fwhm surface coverage of 2502f6DS molecule and the negatively
= 10 nm). It is also broader than the C314 transition at the charged stearic acid air/water interface at a surface coverage of
surfactant-free air/water interface (fwhm 16 nm) and ap- 200 A2/molecule. For comparison, bulk water ET(30) is 63, and
proaches that of bulk water, fwhre 65 nm. It should be the neat air/water interface is 31.
mentioned that thg eletrochromic shift due to the presence of  The surface tension measurements (Figure 1C) and the steady-
charged surfactant is expected to be small. Our calculation showsstate SHG studies of molecular orientation (Figure 3) and surface
that the electrochromic shift of C314ge = 4 D, in the  spectral measurements (Figure 4) indicate that there is significant
interfacial electric fieldE = 1.1 x 10° V/m (corresponding to  interaction between the adsorbed C314 and the surfactants at
a DTAB surface coverage of ZOOZ&OIecuIe) is of the order  the interface. The differences observed in surface tension,
of 2 nm, which is within our experimental uncertainty. molecular orientation, and surface spectral results for the DTAB/
The § — S transition wavelength is a good indicator of the water interface versus SDS/water interface may be interpreted
local polarity of the solvent environment of C314 solute. The in terms of different specific interaction of the C314 molecule
permanent dipole moment of coumarin 314 increases from 8.2 with the DTAB and SDS headgroups. Another factor that can
D for the ground state to-12 D for the excited state. Therefore, contribute to these differences is the different orientation of the
C314 is positively solvatochromic; i.e., it exhibits a red shiftin interfacial water molecules due to the presence of oppositely
a more polar solvent environment. A good linear correlation charged surfactants at the surfaces. Since DTAB and SDS have
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SCHEME 1: Schematic of C314 Molecules at DATB/Water and SDS/Water Interfaces

S C314 4
N, > Nfoooo. | i/\‘ ;_
"*+CH; "t CH, "*CH 0=5S=0 0=5=0
LH/ \CH; CH, \CH; o)/\‘ C{ \C H: ,, (IJ- “i @/ I:I ‘!’ H
o : | .
DTAB =0 ’“\/0 /(l) ||| U\H l'J\ﬂ/ 2 Uj H/O :|1 O\n
“)% o, H O\H b 0 -
H—, : H
\ H
@j\ H l|I (l,\ SDS
C314 o

opposite charges, C314 molecules could be oppositely oriented molecules with oxygen pointing toward its headgroup, whereas
More specifically, the more negatively charged part of C314 atthe SDS/water interface the hydrogen in water molecules point
(i.e., the part with oxygen atoms) is likely to point toward the toward the SDS headgroups due to their negative charges.

positively charged N(CHs)s group in DTAB, whereas the more

positively charged part of C314 (i.e., the part with N atom) is

likely to get in close contact with the negatively charged @SO
group in SDS.

Second, the specific interactions of water molecules with DTAB

and SDS are different. There is no hydrogen bonding between
water molecules and the methyl groups of the DTAB headgroup.
However, there is hydrogen bonding between water molecules

The less pronounced effect of C314 on the phase diagram ofand the oxygens of the SDS headgroup.
the DTAB/water interface compared with the SDS/water  Femtosecond time-resolved second harmonic generation

interface Suggests that the relative positions of the interfacial spectroscopy was emp]oyed to characterize solvation dynamics

C314 are quite different for the two different types of surfaces. of C314 at the surfactant interfaces. Using the large change of
At the DTAB/water interface, if the interfacial C314 molecules the probe molecule’s permanent d|p0|e moment upon electronic

are located below the DTAB surfactant headgroup, perhaps dueexcitation, $ (ue = 12 D) — S (ug = 8.2 D), the dynamics

to hydrOphObiC interactions between the methyl group of the were initiated by a Sing]e_photon resonant pump pu|§%La1_:
DTAB headgroup with the nonpolar region of C314 molecule, 420 nm. The temporal evolution of the resonantly enhanced
then the presence of C314 would have a smaller effect on thesyrface nonlinear optical susceptibiljt)(t) was then monitored
DTAB phase diagram, in agreement with observations, Figure py measuring SHG intensity from a time-delayed probe pulse
1. In contrast, at the SDS/water interface, the C314 molecules;Lpr = 860 nm {sy = 430 nm). The resulting pumgprobe
may be located between SDS headgroups, perhaps because theansient SHG signals are shown in Figures75as a function
interaction of the sulfate headgroup would favor hydrogen of the pump-probe delay for the 3 different monolayer densities
bonding interactions with interfacial water molecules. The of the cationic DTAB surfactant, 500, 200, and 10@ndolecule.
hydrogen bonding carbonyl groups of C314 would orient toward The instrument response time constant, arising from the cross-

the water molecule side of the interface with the nonpolar part correlation of the single-photon pump and the second harmonic
of C314 facing the air side of the interface. In this case, the probe pulses, is estimated to bg= 170 fs.

presence of C314 molecules can occupy significant surface area

and therefore would shift the phase diagram significantly to 0.915

lower density, as is observed in Figure 2. Such a speculation

can also be used to explain why the DTAB/water interface is 09101

more polar than the negatively charged interfaces. Since C314% ]

molecules are located below the DTAB headgroup with oxygen 3 ]

atoms up, the C314 molecules are further from the interface, g 0'905_:

and the static solvation energy is closer to the bulk water value. ] )

These considerations would also explain the broader spectral 0900 500 A /DTAB molecule
width of C314 at the DTAB/water versus SDS/water interfaces .3 ] =380+ 70fs, 2,075
because the possible water configuration about C314 would be £ 95 ,=2.2¢ 0.5 ps, 3,025
closer to that in bulk water, where the spectral width is large =

(Figure 4). In addition, this description would predict that the 08901

C314 orientation would undergo a smaller change as the density ]

of DTAB was increased compared with the large change to be 085 ]

T 1
0 2 4 6 8 10 12

Pump-probe delay (fs)

expected when the C314 located closer to the interface is
squeezed by increasing the density of SDS. For clarity, the
proposed molecular pictures about the location of the interfacial

C314 in the presence of DTAB and SDS are shown in Scheme Figure 5. Time-resolved second harmonic generation of the solvation
1 dynamics of coumarin 314 at the DTAB surfactant air/water interface.

’ . . Bulk concentration of DTAB is 0.14 mM, corresponding to the surface
In addition, as noted earlier, DTAB and SDS affect the " ; ! ponding “

. . K . ek . coverage of 500 ADTAB molecule. Thick line shows the fit to the
orientation of interfacial water molecules in different ways. First, model described in the text, with solvation timesrof= 380 fs andz,

positively charged DTAB can align the surrounding water = 2.2 ps.

14x10°
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Figure 6. Solvation dynamics of coumarin 314 at the 200ATAB
molecule air/water interface (bulk DTAB concentration 0.5 mM). Thick
line shows the fit to the model described in the text, with solvation
times ofr; = 400 fs andr, = 2.6 ps.
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Figure 7. Solvation dynamics of coumarin 314 at the 109TAB
molecule air/water interface (bulk DTAB concentration 2.0 mM). Thick
line shows the model fit described in the text, with solvation times of
71 = 550 fs andr, = 3.0 ps.

Detailed description of the pumprobe TRSHG measure-
ment of the solvation dynamics have been presented elesWhere.
Qualitatively, the pump pulse promotes a small fractioB%b)

Benderskii et al.

is used to characterize the solvation dynamics, by

Vedd) ~ @ed®)
0e0) — W)

Solvation of the excited state lowers its energy, thus resulting
in the dynamic red shift of the excited-to-ground-state-5S,
transition frequencywedt). Qualitatively, the excited-state
solvation shifts the excited-state contribution out of resonance
with the SH probe frequency aw? thereby resulting in the
time-dependent change g?(t). The SH probe wavelength was
chosen to be on the blue shoulder of the surface spectrum (430
nm). The model calculation using eqs 2 and 3 shows that in
this spectral range the recovery of TRSHG sigrg(t), which
is proportional tgy@(t)|2, gives a reliable representation of the
solvation correlation functioB(t); that is,Isy(t) is approximately
linearly proportional toS(t).51° In other words, for a model
system with realistic spectral parameters, the direct fit of
TRSHG data to exponential functions reproduces the time scales
of t) within 10—15% error. Such a probe wavelength is usually
referred to as “linear probe wavelength” in the time-resolved
fluorescence Stokes shift measureméhtd For other choices
of the SH probe frequency, more complicated SHG dynamics
can result.

Solvation dynamics in bulk wat&!> and at several air
water interfaces’ have been shown to have two exponential
components in the subpicosecond to picosecond time window,
termed diffusive components. We found that we can fit the
experimental data in Figures-5 to a two-exponential solvation
correlation function

S0 = ®3)

(4)

to extract the two diffusive solvation time scalgsandz, and
their relative amplitudes; anda,. The initial decrease in the
TRSFG transient signal &at= 0 is fit using a convolution of a
Gaussian instrument response function wigh—= 170 fs, as
described in refs 6 and 19. The fitting parameters are sum-
marized in Table 1. For comparison, Table 1 also lists the
solvation results for SDS/water and neat air/water interface.
Significant changes in the dynamics are observed as the
coverage of the positively charged surfactant increases. At the
lowest DTAB coverage, 500 #molecule (Figure 5), two
exponential components of solvation dynamics are clearly
observed, with time constants = 380 &+ 70 fs andr, = 2.2
+ 0.5 ps and relative intensitiegs/a, ~ 3/1. These dynamics
are similar to the dynamics previously measured at the surfac-

St) = a, exp(~t/z)) + a, exp(-t/z,)

of the interfacial C314 molecules onto the excited-state potential tant-free air/water interface; = 250+ 50 fs andr, = 2.0+

energy surface. Following the excitation by the pump pulse,
the surface nonlinear susceptibility® has two resonant
contributions, one from the ground-state populatigand the
other from the excited-state populatiogof C314 molecules:

Age Aoy

—+n — +B
Wge = 20 + Ty “wet) — 20 + T,

@)

Here,wqge andI'ye represent the frequency and spectral widths
of the ground-to-excited-state S- S transition,weqt) andleq

220 =ng

0.4 ps,ai/ap ~ 2:1818The faster component slows down#tp

= 400+ 85 fs at 200 A/DTAB molecule (Figure 6), and then

to 71 = 550+ 95 fs at 100 A/DTAB molecule (Figure 7). We
note that the amplitude of the; component remains ap-
proximately constant as the DTAB surface coverage increases.
The slower component, on the contrary, is significantly sup-
pressed in amplitude, to less than 10% for the 26MAAB
molecule film, and to less than 5% for the 10¢/BTAB
molecule. This results in significant error bars in the determi-
nation of 7, from the fit of the data at higher surfactant
coverages. The effect of the positively charged surfactant on
the solvation dynamics is markedly different from the previously

are the corresponding parameters for the excited-to-ground-statesbserved dependence of the two dynamical time scales on the

S — S transition, factorsAge and Agq contain the transition

negatively charged surfactant coverdgeor sodium dodecyl

matrix elements and nonresonant frequency denominators, andsulfate (SDS), the relative amplitudes of theandz, solvation

the third termB represents a constant nonresonant contribution.
wedt) is related to the solvation correlation functisft), which

dynamics components remain approximately the same for the
SDS surface coverages from 500 to 100pkr SDS molecule,
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TABLE 1: Comparison of the Aqueous Solvation Dynamics at Bulk Water, Neat Air/Water, and Positively Charged and
Negatively Charged Interfaces

Bulk Water
71 =130-290 fs @ = 0.7-03); 7, = 0.69-1.2 ps @, = 0.3-0.7)

Air/Water Interface
71 =250+ 50 fs (@, = 0.65);7, = 2.0+ 0.4 ps &, = 0.35)

cationic surfactant (DTAB) anionic surfactant (SBS)

500 A2DTAB molecule

71 =380+ 70fs

500 &/SDS molecule

7,=270+£50fs

a;=0.75 a;=0.75
7,=2.24 0.5 ps 7= 4.4+ 0.9 ps
a;=0.25 a, =0.25

200 A2DTAB molecule 71 =400+ 85 fs 250 &R/SDS molecule 7,=225+ 25fs
a; = 0.90 a; =0.75
7, =2.64+1.2ps 7,=5.2+ 0.6 ps
a;=0.1 a,=0.25

100 AYDTAB molecule 7;=550+ 95 fs 100 R/SDS molecule 71 =600+ 70 fs
a; > 0.95 a; =0.70
7,=3.0+£ 2.0 ps ,=54+11ps
a; < 0.05 a,=0.30

aData from ref 6.

but the time scales; andz, change as a function of the anionic  at the air/water interface. The asymmetry of the interfacial
surfactant densit. solvation with respect to the sign of the surface charge may
Solvation of a dipolar solute such as C314 in water, which have important potential implications for the solvation and
is one of the more polar solvents, is dominated by electrostatic reaction dynamics at biomembrane surfaces, which often contain
dipole—dipole and hydrogen bonding interactions. The process both anionic and cationic groups.
of aqueous solvation therefore involves translational and )
rotational motion of water molecules and is intimately connected Conclusions
with the structure and dynamics of the water hydrogen bond  the effects of a positively charged surfactant on the orienta-
network. Our results indicate that the cationic surfactant film tion, and static and dynamic solvation of the probe molecule
significantly affects both static and dynamic solvation of the cqumarin 314 at the air/water interface, have been experimen-
probe molecule C314 at the air/water interface. This suggestsy|ly characterized using steady-state and femtosecond time-
that the water hydrogen bond network near the interface is rgso|ved second harmonic generation spectroscopy. The posi-
altered by the interactions with the surfactant hea}dgroups. '”tively charged trimethylammonium headgroups of dodecyl
the case of the DTAB surfactant, these may include the yimethylammonium bromide (DTAB) cause significant changes
electfostatlc interactions with the. positive phargg localized on i ihe equilibrium solvation energies of the probe molecule
the nitrogen atom and hy.drophob.|C interactions with the methyl C314, its interfacial orientation, and its solvation dynamics. The
groups which may result in formation of clathrate-type structures eq solvatochromic shift of the coumarin 314 transition at the
of water surrounding the trimethylammonium headgroup. DTAB/water interface indicates increased polarity resulting from
The effects of interfacial charge on the structure of water, as interactions with DTAB compared to the surfactant-free air/
indicated by the second harmonic spectra and solvation dynam-water interface, but to a lesser extent than the anionic surfactants
ics, are observed also in the studies of metal electrodes by X-raystudied, sodium dodecyl sulfate (SDS) and sodium stearate. Two
scattering®?® and surface-enhanced FTIR spectrosc88y.  time scales of the diffusive solvation dynamics have been
These latter studies showed the alignment of water moleculesmeasured at the cationic DTAB surfactant interfaces. As the
at the charged interfaces. Direct evidence for changes in thesyrface coverage increases, the faster component becomes
hydrogen bonding structure near the charged interface associatetbnger, increasing fromr; = 380 + 70 fs at 500 A/molecule
with this alignment has been obtained using vibrational sum to r; = 550 + 95 fs at 100 A/molecule without significant
frequency generation spectroscopy of water at a charged quartzhange in amplitude. For the slower component, the remarkable
surfacé?26-29 and charged surfactant monolayers at the air/water change observed as the surfactant density increases is that the
interface?28 This more highly ordered hydrogen bond structure amplitude of the slower component is suppressed by more
in the presence of charged surfactants can cause the loss ofhan an order of magnitude. Different behavior of the two
diffusional (rotational and translational) mobility, which is dynamical components demonstrates that they arise from
associated with the arrangement, i.e., breaking, of the water different types of water motions.
water hydrogen bonds. Therefore, slower solvation is expected. Comparisons between the positively charged and negatively
The differences in dynamical solvation of C314 in the presence charged surfactant interfaces reveal significant asymmetry of
of positively charged DTAB and negatively charged SDS and the solvation properties with respect to the sign of the surface
stearate, CH{CH)COO", amphiphiles can result from different  charge. The electrostatic forces would tend to align the water
interfacial water orientations and H-bonding patterns induced molecules in opposite directions at cationic and anionic inter-
by the oppositely charged headgroups and different specific faces. Changes in the hydrogen bonding water structure are
interactions of C314 with DTAB, SDS, and stearate. sensitive to the electric field at the surface and to local
The survey of the experimental results presented here showsnteractions with the headgroups of the surfactant. Another
that the positively charged and negatively charged surfactantimportant factor is the alignment of the C314 molecules at the
films have distinctly different effects on orientation and solvation oppositely charged interfaces. Electrostatic interaction between
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the C314 dipole moment and the oppositely directed electric  (9) Gragson, D. E.; McCarty, B. M.; Richmond, G. L. Am. Chem.

fields of the positively and negatively charged interfaces would S©¢-1997 119 6144.
. . . . (10) Matsumoto, M.; Kataoka, YJ. Chem. Phys1988 88, 3233.
lead to the C314 molecules having opposite orientation at these (11) Goh, M. C.: Hicks, J. M.: Kemnitz, K.. Pinto, G. R.. Bhattacharyya,

interfaces. This asymmetry in the al_ignment of_water moleculgs K.; Heinz, T. F.; Eisenthal, K. BJ. Phys. Cheml98§ 92, 5074.

and the C314 adsorbates and differences in the interfacial (12) Du, Q.; Superfine, R.; Freysz, E.; Shen, Y ARys. Re. Lett. 1993

solvation properties in response to the surface charge may have’0 2313. _ _ _ _ ,

important consequences in equilibria and dynamics of adsorption19&3)36‘]9”197”192' R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, Nature

and charge-transfer reaction at surfaces of biomembranes. (14) Maroncelli, M.; Kumar, V. P.; Papazyan, A. Phys. Cheml993
97, 13.
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