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The surface-sensitive spectroscopic technique of optical second harmonic generation (SHG) is employed to
study the adsorption and photochemistry of surfactant molecules at the water/1,2-dichloroethane (DCE)
interface. Resonant SHG measurements at 730 nm are used to monitor the adsorption of the azobenzene

surfactant 4-[[(dodecyloxy)benz-4-ylJazo]lbenzoic acid (DBA) from DCE solution to the interface at an aqueous

pH of 8 or greater. The concentration and pH dependence of the resonant SHG from the adsorbed monolayer

indicates that the DBA exists in its anionic (carboxylate) form at the interface. In a series of combined
photochemical/SHG experiments ttrang'cis photoisomerization of the adsorbed DBA anions is examined.

SHG measurements demonstrate that illumination of the surface with light at 365 nm converts the adsorbed

transDBA molecules to thecis isomer. Thecis-DBA anion is found to be unusually stable at the liquid/
liguid interface, and the entire photoactive monolayer (total area?tcan be photochemically converted in
approximately 450 s with an illumination spot of 0.12%nThis relatively short conversion time is attributed

to surface-tension-induced convection effects that occur during the photochemical conversion of the monolayer.

lllumination of thecis-DBA anions with light at 440 nm reconverts the entire surfactant monolayer back to
the transDBA form in the same time frame.

Introduction films.1=2 Similar fluorescence measurements have been applied
to the study of surfactants adsorbed to the liquid alkane/water

biology, separation science, and environmental studies involve Nterface? ™ Another liquid/liquid interface that has recently
the transport or reaction of molecules at liquid/liquid interfaces. '€C€ived attention is the interface between water and various
The characterization of these processes is often achieved byPClar organic liquids such as nitrobenzene or 1,2-dichloroethane
spectroscopically monitoring the adsorption, orientation, orga- (DCE)*™*! These organic solvents are |mm|SC|bIe W'th water,
nization, and reactivity of submonolayer quantities of surfactant Y&t @ré polar enough to dissolve electrolyte ions. This capability

molecules adsorbed to the interface. For example, at the liquid/&/loWs a potential to be applied across this interface between
air interface, a variety of fluorescence experiments have beentWo immiscible electrolyte solutions (ITIES), and the transport
implemented in order to optically probe the structure and ©f ions across this interface can be studied with electrochemical

reactivity of amphiphiles incorporated into insoluble Langmuir Methodsi>~2 The adsorption of soluble surfactant molecules
to the ITIES and other liquid/liquid interfaces has also been

® Abstract published irAdvance ACS Abstractsune 1, 1996. studied by spectroscopic methdti§;21-26 but a major obstacle
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Many chemical processes in the fields of electrochemistry,
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o. on 2 water interfacé?53 At the water/DCE interface, the resonant
N SHG measurements presented in this paper demonstrate that
L oy o OH the adsorbed DBA molecules can be readily converted from
oS thetransto cis form with light at 365 nm, and that the adsorbed
365 nm cis-DBA species can be reconverted to tiians form upon
—— exposure to light at 440 nm. Moreover, this form of DBA
Ny, -— is unusually stable at the water/DCE interface, with no ap-
CiaHas preciable desorption or thermal reconversion totthasform

2
IS
£
=)
3

2

4

@]
/

observed over several hours.

Background
e P A. Molecular Second-Order Nonlinear Polarizability
e Tensor, 8. Resonant molecular SHG measurements are used
in this paper to study surfactant adsorption at the water/DCE
trans DBA cis interface. In general, there are several possible contributions
Figure 1. Azobenzene SHG probe molecule 4-[[(dodecyloxy)benz- _to the 86e4con_d harmonic “ght generated at the liquid/liquid
4_y|]azo]benzoic acid (DBA) and its reversibiengcis photoisomer- Intel'face FII’St, a” Of the Ol’lented SO|Vent m0|eCU|es at the

ization reaction. lllumination ofransDBA at 365 nm converts the  interface will have a weak nonlinear optical response. These
molecule to itscis form. Reconversion is effected by illumination of  nonresonant contributions to the SHG are typically small, but
thec_is—DBA With 44Q'nm light. T_haandx_axes used in the molecular  can be observed at liquid surfacé$’ For example, Gotet
nonlinear polarizability calculations are illustrated. al.% have used this nonresonant SHG to probe the orientation
of water molecules at the air/water interface. A second possible
source is “electric-field-induced SHG” due to the symmetry-
%reaking at a surface induced by any interfacial electrostatic
field. This effect has been observed at metal, silica, and
semiconductor surfaces in contact with aqueous solufftfig®
but is weak at the water/DCE interfaé®.When molecules are
one photon of frequencya® In the electric dipole approxima- adsorbed to the quuid_/liquid interface, athir_d, larger contribution
to the surface SHG is often present. This “resonant SHG” is

tion, this requires a noncentrosymmetric medA{mThus, for - .

. . observed when the fundamental laser frequency is tuned into
an interface between two centrosymmetric phases, such as the . . o
e ) - fesonance with an electronic transition of an adsorbed molecule.
liquid/liquid interface, to first order only the molecules which

participate in the asymmetry of the interface will contribute to Experiments that employ resonant molecular SHG usually

8 f . require molecules that have been designed to provide a large
the SHG signal. This symmetry requirement usually means that i ical hich is d ibed by th lecul
only the first few molecular monolayers are responsible for the nonlinear optica résponse, which Is describe y the molecular

eneration of second harmonic light, thus making SHG an second-order nonlinear polarizability tensfr,
9 : gnt, t g The molecular nonlinear polarizability tensor for molecules
extremely surface-selective spectroscopic method that has beer\}vi,[h a coniugatedr electron svstem is tvpically examined
applied to a wide variety of condensed phase interf&&&4 It 1ug y ypicaly

N L . ... theoretically with a perturbation calculation that employs
Is this surface selectivity that makes SHG an ideal method with semiempirical PoplePariser-Parr (PPP) wave functio49-71
which to study the liquid/liquid interface, and in fact a number

: - T However, a two-state model which only considers a ground state
of SHG studies of various liquid/liquid interfaces have recently d a sinal ited : ffici d ibe the k
been reported-26.35-37 and a single excited state is sufficient to describe the key aspects

In this paper, the adsorption and photochemistry of an of designing a molecule with a large nonlinear optical response.

azobenzene derivative, 4-[[(dodecyloxy)benz-4-yllazo]benzoic In this simple two-state model, thgk component of the

acid (hereafter denoted as DBA; see Figure 1) at the water/ nonlmgar polarlgablllty tensor (vyherej, andk are molgcular
. X . . Cartesian coordinates) is described by eq 1, whereis the
DCE interface is examined with resonant molecular SHG

in these measurements is the difficulty in separating the optical
response of surfactants dissolved in either the organic or aqueou
phase from that of the interfacial species.

Optical second harmonic generation (SHG) is one spectro-
scopic technique that can overcome this difficulty. SHG is the
nonlinear process that converts two photons of frequenty

measurements at 730 nm. Resonant SHG is obtained when one af Aripl
i ies i ' ' —€ n'ng' ng i Ak
or more of the optical frequencies is turned into resonance with =], (rJngArn +
an electronic transition of an adsorbed species, and typically "~ 2h|w, > — &® "
requires a molecule (such as DBA) which has been designed w 24 202
to provide a large nonlinear optical response. In addition to its A r ng 1)

Ky
nonlinear optical activity, DBA can also undergo the reversible : ngl(
photochemicaltrans to cis isomerization that is observed in
azobenzenes upon exposure to UV light (Figuré®#y. The difference in the permanent dipole moment between the excited
transto cisisomerization of an azobenzene derivative changes state n and the ground staterg,is the transition dipole moment
its dipole moment, structural geometry, and optical spectrum, between the two states, is the fundamental laser frequency,
and all of these properties can be exploited in different and wng is the frequency that corresponds to the energy
photochemical applications. For this reason, the photoisomer-difference between the ground and excited states. If the change
ization of azobenzene derivatives has been intensively studiedin dipole moment and the transition dipole are colinear, then
in recent years for potential use in the fields of photonics, liquid only one element of is dominant, usually defined as thkez
crystals, optical memory storage, artificial vision, and serf§of%. component. When this is the case, the polarization analysis of
The azobenzene isomerization process has been examined in the SHG results is greatly simplifi€d.
variety of chemical environments including incorporation into There are three important points that can be deduced from
Langmuir-Blodgett films?#6-51 self-assembled monolayers and eq 1. First$ has resonances at two wavelengths: the first when
multilayers®? polymer films>3-5¢ phospholipid bilayer§?-58 the fundamental laser frequency is in resonance with the
liquid crystal films®®60sol—gels#-62and monolayers at the air/  electronic transition of the moleculeg) and the second when

Ong’ = 40 (" — )
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the second harmonic frequency is in resonance with the same 327°w? seé b,

transition. This second resonance condition is particularly useful | (2w) = —sle(Zw)ys(Z):e(w) ew)l(w)? (3)

for surface SHG experiments, since signal enhancement can c

occur without significant absorption of the fundamental laser intensity,6,, is the angle from the surface normal at which the
light that would lead to photobleaching of the adsorbed SHG signal occurs, and the vecta@) and e(2w) describe
molecules and heating of the interface. The second igftiat the polarization state and Fresnel factors for the fundamental
proportional to the square of the transition dipole moment, so and second harmonic light fields at the interface. This equation
conjugated dye molecules with large extinction coefficients will has been derived previousl¥/”and can be used to describe a
often have a larger nonlinear polarizability. The third point is variety of experimental geometries including the case of total
that, in addition to the transition dipole momefitjs directly internal reflection. The components &fv) ande(2w) for the
proportional to the change in the permanent dipole moment external reflection geometry employed in the experiments in
between the two states. From the last two points, it can be this paper have been presented in detail elsewifetdsing eq
seen that (i) only molecules which exhibit this change in dipole 3, the elements gf{® can be extracted from the polarization
moment have a significant nonlinear polarizability and (ii) the dependence of the SHG. This polarization dependence is
optical transitions that are most useful for resonance enhance-obtained by measuring the p-polarized (parallel to the plane of
ment are charge-transfer transitions such as those present ifhcidence) and s-polarized (perpendicular to the plane of
extendedr-conjugation systems that have been decorated with incidence) second harmonic light intensitigg2w) andls(2w),
electron donor and acceptor groups. respectively, as a function of the input polarizatiénOnce

the relative magnitudes gfzzz yzxx andyxxz are obtained,
they can then be used to describe the average molecular
orientation at the interface via eq 2. For example, for a
monolayer of molecules with only one dominant tensor element,
Bzzz an orientation paramet& can be obtained®

These concerns have resulted in a large effort to design
organic nonlinear optical materials that often employ conjugated
aromatic molecules with charge transfer transitiGn&ince self-
absorption of the second harmonic light is not a significant
problem for a monolayer of material, these molecules can be
used on resonance in the surface SHG experiments. One class o< 60
of molecules that has been examined extensively for potential = = (4)
nonlinear optical applications is azobenzene and its derivatives
such as the DBA probe molecule used in this pdfe® The Eq 4 has been used frequently to obtain molecular orientation
extendedr-conjugation of such molecules provides for low- information for adsorbed molecules at condensed phase inter-
energy charge transfer transitions with large transition dipole faces?® Often an average orientation angi@lis reported,
moments in the blue or near-UV that can be easily accessed bywhere it is assumed that the ensemble averages in eq 4 reduce
near-IR and visible lasers. Also, by adding donacceptor to cos$ [@Cand codMLT872 Different equations are required if
substituents to the azobenzene, large excited state dipoleotherf elements are present in the molecule, and have been
moments can be created, making these molecules excellenderived elsewheré&
choices for use in surface SHG experiments. In the case of If the orientation parametd does not change as a function
azobenzene derivativeg s sufficiently large that SHG can be  of surface coverage, it can be seen from egs 2 and 3 that the
observed without resonance enhancement, leading to its potentiaBHG intensity will be proportional to the square of the surface
use as a nonlinear optical material. The utilization of the concentration of surfactant molecules. The square root of the
resonance enhancement, however, greatly increases the SHGurface SHG signal has been frequently employed as a relative
signal from a monolayer of these molecules, making substituted measure of adsorbate surface coverage at various suffdeces.
azobenzenes good probe molecules for interfacial explorations.this paper, the square root of the surface SHG signal is used to
PPP wave function calculations of the molecular nonlinear monitor the relative surface coveragetiainsDBA as a function
polarizability fortrans- andcis-DBA are presented in the Results  of agueous pH and concentration in DCE, as well as during
and Discussion. photochemical conversion of the adsorbed monolayerigo

B. Surface Second-Order Nonlinear Susceptibility Ten- DBA.
sor, y{?. A monolayer of SHG-active surfactant molecules _ _ _
adsorbed to a liquid/liquid interface will interact with an incident Experimental Considerations

laser light field in a collective fashion. This coherent surface
response is described by the surface second-order nonlinear | "€ surfactant molecule 4-[[(dodecyloxy)benz-4-yljazo]ben-

susceptibility tensog.?. The elements of this tensor are related zoic acid (DBA) was synthesized and characterized as described

. ” . : .
to the molecular nonlinear polarizability tensor elements by eq previously=" DBA is soluble in DCE but not in water, and the

. organic phase in all of the SHG experiments was-28 mL
2, whereNs is the surface coverage of the adsorbed sun‘actantsof a 20 M DBA solution in DCE (Mallinckrodt SpectrAR

— . ) grade). The aqueous phase consisted of2ZD mL of a 10
XK NSZ F (5.0, By @ mM Na,HPQ, buffer solution adjusted to a pH of 9.0. In the
and [(Fykix[is the ensemble average of the product of the experiments described in section C of the Results and Discus-
direction cosines between the laboratory ake} andK and sion, 50 mM NaCl and 1 mM tetrabutylammonium tetraphen-
the molecular axes, j, andk. The quantitiesFikijk can be  ylborate (TBATPB) were added to the aqueous and organic
described by the Euler angl€s 6, and o between the two  phases, respectively. Prior to the SHG experiments, the two
coordinate systems. For a surface that is isotropic about thephases were preequilibrated by thorough mixing in a separatory
surface normal (which is usually the case for a liquid/liquid funnel, and were then allowed to equilibrate and reseparate for
interface), there are only three unique elementgs8¥, which at least 1 h before measurements were taken. All experiments
are denoted here agzz yzxx andyxxz’? were performed at room temperature.
The intensity of second harmonic light created at the interface, The SHG cell for the liquid/liquid experiments consisted of
I(2w), is related to the surface nonlinear susceptibility tensor a 10 x 40 x 45 mm rectangular UV quartz cuvette which
x<9 by eq 3, wherd(w) is the incident fundamental laser light  created a liquid/liquid interface with a total area of 42dffigure

_ _ Xzzz
[€0s00  Xzzz 1 2Axxz




10500 J. Phys. Chem., Vol. 100, No. 25, 1996 Naujok et al.

(@) Xe lamp (b) HeCd laser 0.6 T T
365 nm or 440 nm 442 nm
DBA @ 25uM in DCE J
05+
20 —— Before illumination
™ s T A U After illumination

041

T T T ™ 0.10

after
\ _.---__illumination
IS 4 0.05 T

0.3

® / G

Absorbance

v 5 02 /s s . s Jooo A
4.cm 400 440 480 520
® total area e« o
0.1 )
2mm radius O Illﬂ\nlqi/nle)altlijgn o 0.5 mm radius S NG
0.5 mm radius  ® SHG e 0.5 mm radius 0.0 I 1 TR

1
'300 350 400 450 500 550

Figure 2. Schematic diagrams of the photoisomerization/SHG experi- Wavelength (nm)

ments. Surface SHG from a fundamental laser beam @30 nm) is ] ] ) )
collected in reflection through the aqueous phase. The fundamental Figure 3. UV—vis spectrum of 25M DBA in DCE before (solid

light is incident on the water/dichloroethane interface &t 88d surface line) and after (dashed line) illumination with 365 nm light. The
SHG is detected at 38rom the normal to the interface. (a) Light from  spectrum before illumination correspondsrians-DBA which exhibits

a Xe lamp at 365 or 440 nm is directed onto the interface concentric @ large absorption at 365 nm. AsnsDBA is converted tacis-DBA

with the SHG laser spot. (b) A HeCd laser beam at 442 nm is focused by 365 nm illumination, this band diminishes and new absorbances at
onto the interface either concentric with the SHG laser spot or separated330 and 440 nm (inset) appear.

from it by up to 8 mm. due to thecis isomer of DBA appear at 330 and 440 nm (see
Figure 3). The band at 330 nm band is also#he 7* charge
transfer band, shifted in energy for the new geometric and
electronic structure of the isomé&. The band at 440 nm is

2). The experimental apparatus used for the SHG measurement
has been described previoudfy.The SHG experiments em-
ployed an external reflection geometry, .With the 730 NM aeributed to an A 2* transition in thecis-DBA isomer. Upon
_fundamental laser beam at an angle of |nC|qence bfobBthe illumination with light at 440 nm, thecisDBA is converted
interface, and the reflected second harmonic beam at 365 nmy, . 15 thetransisomer and the UV-vis spectrum returns to

occurring at an angle of 38 The SHG probe laser spot was 4 5oiiq line in Figure 3. As the spectra of ttie- andtrans
approximately 0.75 m# and power densities ranged from 30 pgA oyeriap, illumination at a wavelength between the absor-

) ; .
to 80 MW cn f In thklls range of Iaser po¥ver O!e“z'tyv EO SHG fbance maxima at 365 and 440 nm results in the creation of a
was observed from the water/DCE interface in the absence of o, yqstationary state composed of a mixturérahs andcis-

DBA. . o . DBA. A photostationary state is established when a given
Th? photo_lsomerlzatlon experiments were performt_ed b_y the wavelength of light stimulates both the forward and backward

addition of either a Xe lamp or HeCd laser as shown in F'Q“fe reactions of a photochemical equilibrium. The composition of

2. The output of the Xe lamp (ILC Technology) was first = y,o photostationary state depends upon the number of photons

filtered through a copper sulfate solution to remove all jpcorhed at that wavelength by bdtans andcis-DBA, and
wavelengths above 540 nm and below 330 nm, and then they,o i antum yields for the forward and back reactions. The

desired illumination wavelength was selected using an interfer- quantum yields for photoisomerization in either direction are

ence filter (Ealing) Wi;gs band pass &6 nm. This lightwas — im6st always greater when illuminated at the—n x*
then focused to a 13 mhspot concentric with the 730 nm SHG 5 jtion3°38however, the r 7* transition in thetransisomer

laser spot on the surface. The total intensity of the illumination ¢ oo 1han-anes is symmetry-forbidden and therefore very weak.
from the Xe lamp onto the surface was 3 mW at 365 nm and 11,5 they — z* transition at 365 nm is almost always utilized

1 mW at 440 nm, resulting in power densities in the illumination ¢, the trans to cis isomerization. The creation of photosta-
spot of 0.024 and 0.008 W cri respectively. In asecond set ionary states for monolayers of azobenzene derivatives at the

of experiments, the Xe lamp was _replaced with @ HeCd 1aser 5 1y ater interface has been examined in detail by Maetck
(Omnichrome). The HeCd laser line at 442 nm was selected al.62.63

with an interference filter, and was then focused onto the liquid/

liquid interface i_n a spot the same size as the SHG Iase_r spotenergy than theiransisomers® cis-DBA is expected to slowly
(0.75 mrﬁ). ,Th's spot was directed onto the sample. either convert back tdransDBA in the absence of further illumina-
concentric with the SHG laser spot or separated from it by Up (ion  This thermal isomerization has a kinetic barrier of
to 8 mm. The intensity of the HeCd beam was controlled with 5 55oximately 100 kJ/mol in most solvents, although the thermal
colored glass neutral density filters, and the power density on jsomerization rate of a substituted azobenzene depends strongly
the surface was varied from 0.02 to 0.8 W¢in on which chemical groups are used to decorate the azobenzene
and in which positions they are plac&d.Figure 4 shows the
thermal reconversion afissDBA back to thetrans isomer in

A. DBA Photochemistry in Solution. The UV—vis spec- DCE. This solution was first illuminated with 365 nm light
trum of transDBA dissolved in DCE at a concentration of 25 for 1 h, and the absorbances at 365 and 440 nm were monitored
uM is shown in Figure 3 (the solid line). An absorption band as thecis-DBA thermally converted back to the more stable
is observed at 365 nme (= 22500 L cnt! mol™) that is transform. The data in the figure show that at least 80% of
attributed to ther — z* charge transfer band for this molecife. the cis isomer has converted tvans-DBA in 2 h, and the
When the solution is illuminated with UV light at 365 nm, the solution has almost completely recovered in 3 h. The solid lines
trans-DBA molecules are converted to tloés isomer, and the  are exponential fits with a decay time of 67 min (rate k5
365 nm band decreases sharply in intensity. Two new bands10~2 min~%). This value is in good agreement with other

Since cis-azobenzenes are typically 50 kJ/mol higher in

Results and Discussion
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Figure 4. Thermal isomerization dfis- to transDBA in DCE solution. ] S

Absorbances at 365 nm (filled circles) and 440 nm (open circles) of Figure 5. Calculation of the molecular nonlinear polarizability tensor

DBA in DCE solution at room temperature are plotted as a function of €lement|.,4 as a function of fundamental laser wavelengthtfans

time after the solution had been illuminated with 365 nm light. As (solid line) andcis (x3, dashed line) DBA. The large enhancement

cis-DBA is thermally converted back to theansisomer, the absorbance ~ shown at 675 nm fotransDBA corresponds to the absorption in the

at 365 nm (440 nm) increases (decreases). The solid lines areUV—Vis spectrum at 365 nm, resulting in an experimental fundamental

exponential fits with a decay time of 67 min. laser wavelength of 730 nm. The experimental resonance wavelengths
are red-shifted from the PPP calculations due to solvation effects. As

. R : etransDBA is converted to theisisomer, the enhancement at 730
thermal isomerization rates observed for substituted azobenzene m decreases and enhancements at 660 and 880 nm appear. This

in solution®%60 difference in enhancement fhat 730 nm suggests that SHG can be
B. Nonlinear Susceptibilities oftrans- and cisDBA. As used to follow the photoisomerization of DBA at the water/DCE
mentioned in the Background, the molecular nonlinear polar- interface.
izability tensorf for molecules with a conjugated-electron
system is typically examined theoretically with a second-order wavelengths are shifted in the essentially gas pfiasdculation
perturbation theory calculation. This calculation employs a sum as compared to the wavelengths observed in DCE). However,
over all excited states, where theelectron wave functions for  both of these resonant enhancements (which are present in all
these states are estimated by the semiempirical Péjaeser- p tensor elements) are smaller in magnitude than in the case of
Parr (PPP) wave functions. The various equations and detailstransDBA. This suggests that some resonant SHG signal from
of this calculation have been presented elsewFeteWe have cissDBA may be observable at either 660 or 880 nm, but surface
successfully used these semiempirfgablculations in a number  SHG experiments performed at 730 nm should be much more
of instances in order to predict the nonlinear optical behavior sensitive totransDBA then to cissDBA due to the strong

of various probe SHG molecul@$8+83 difference in resonant enhancement at that wavelength. This
Theoretical calculations ¢i,,,for thetransandcis isomers fact will be used in this paper to follow the photoisomerization
of DBA are shown in Figure 5. In the case of ti@nsisomer, of a DBA monolayer at the water/DCE interface.

the transition dipole moment and the change in dipole moment C. DBA Adsorption and Acid—Base Chemistry at the
are nearly colinear, resulting in a dominght,tensor element ~ Water/DCE Interface. In a previous pape¥, we examined
that is at least an order of magnitude larger than any other tensorthe adsorption ofransDBA to the water/DCE interface. Since
element. A resonant enhancementfin; is observed in the DBA has a long organic tail and a hydrophilic head group, it
calculation at 675 nm for the DBArans isomer. This should act as a surfactant and adsorb spontaneously from the
enhancement corresponds to being in resonance at the secondrganic phase to the liquid/liquid interface. However, surface
harmonic with the optical transition that is observed in DCE at SHG experiments showed that adsorption from micromolar DCE
365 nm (the experimental resonance wavelengths are typicallysolutions only occurred when the pH of the aqueous solution
red-shifted from the PPP calculations due to solvation eff§cts  was greater than 6.5, suggesting that the DBA carboxylate anion
This corresponds to a fundamental laser frequency of 730 nmis the species adsorbed at the interface. The surface SHG at
for surface SHG measurements. The absolute magnitude of this730 nm observed from the water/DCE interface for a.20
enhancement is 4 times that calculated for the smaller SHG DBA organic phase is shown as a function of aqueous solution
probe moleculg-nitrophenol? demonstrating that the azoben- pH in Figure 6. A maximum amount of DBA was observed
zene derivatives should in general serve as good surface SHGor an aqueous pkt 9; from interfacial tension measuremeffts,
probe molecules. an approximate maximum surface coverage df hiolecules
Several changes occur in the molecular nonlinear polariz- cm=2 was obtained* A polarization analysis of the surface
ability tensor for DBA when converted from theans to cis SHG signal resulted in an orientation paramedeof 0.77 @
form. The first is that the transition dipole moment and the = 29°); this orientation parameter did not change significantly
change in dipole moment are not colinear in¢f®eDBA isomer, as a function of pH.
so that severaffp tensor elements of approximately equal The pH dependence of the DBA adsorption was also found
magnitude are present, although oy, is plotted in Figure to change with the DBA concentration in the DEE.This
5. The second change in the molecular nonlinear optical dependence of the DBA adsorption on pH and solution
response is that resonant enhancement at 730 nm is no longeconcentration can be explained by a coupled equilibrium among
present; instead, contributions from the transitions at 330 and neutral DBA in solution, neutral DBA at the interface, and the
440 nm appear, corresponding to resonant enhancement of theleprotonated DBA anion at the interface. If a Langmuir
SHG signal at 660 and 880 nm (note again that these adsorption isotherm is assumed for the adsorption equilibrium,
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Figure 6. Relative surface coverage of DBAbea-, (as determined  Figure 7. Surface SHG as a function of time during the illumination
from the square root of the surface SHG signal) at the water/DCE of the DBA monolayer with 365 and 440 nm light. The initial SHG is
interface as a function of bulk aqueous pH. The aqueous phase containeiue to the monolayer dfansDBA. When the 365 nm illumination
50 mM NaCl and 10 mM N&HPQ,, and the DCE phase consisted of  starts, the signal drops rapidly (limited only by the time constant of
20 M DBA and 1 mM TBATPB. At a pH= 6.5, no adsorption of  the boxcar averager) to a new equilibrium level of SHG. The change
DBA is observed. As the agueous pH is increased, the DBA coverage jn SHG is attributed to the conversion wnsDBA to the cis isomer
increases to a full monolayefidea- = 1) with an effective Ko = within the illumination spot. When 365 nm light is removed from the
—log(K$Kaa{DBA] ¢) = 7.6. This effective K, changed with the DBA surface and 440 nm light is turned on, the SHG rapidly returns to its
concentration in the DCE. The solid line is a theoretical fit to eq 5 original level, restoring the DBA monolayer to theans isomer.
with K3Kags = 1.25 x 1072 (see the text for details). The data were
taken from ref 24. scale of the drop in the SHG measurements was faster than the
decay time of the boxcar averager used in these experiments (3
s). Upon illumination with 440 nm light from the Xe lamp,
the surface SHG rapidly rose back to its original level. This
[H+] -1 loss and recovery of surface SHG signal was completely
- s (5) reversible, and could be repeated many times.
K,aKIDBA] 4 As mentioned in section B above, a decrease in SHG at 730
nm was expected upon the conversiontr@insDBA to cis-
interface, [DBA}; is the activity of DBA in the DCE phase, DBA at the water/DCE interface. A further consideration of
Kadgs IS the Langmuir adsorption coefficient of the neutral the photoisomerization experiments reveals that SHG signal loss
surfactant to the interface, aiq is the surface acid dissocia-  upon illumination with 365 nm could in principle arise from
tion constant of DBA at the interface. A value of the product three different sources: (i) the conversion of adsorbbads
KadsKZ of 1.25 x 1073 was found to fit all of the pH and DBA anions to thecis isomer, (ii) the desorption of molecules
concentration dependence of the surface SHG signal (see refrom the interface, or (iii) the reorientation of thensDBA
24 for a detailed discussion). The surface SHG measurementsat the interface. Slight changes in the polarization dependence
were also found to depend on the electrochemical potential of the SHG from the interface are observed after illumination

applied across the interface via electrochemically induced at 365 nm; however, an analysis of the polarization dependence

the surface coverage of the DBA anidfssa—, is found to
follow eq 5, where [H]s is the hydrogen ion activity at the

Opga- =

changes in the interfacial hydrogen ion activity *ld this indicates that the tensor element ratig:y -« xxxzChanges from
potential dependence was used to further characterize the naturé.2:1.0:1.0 to 6.6:0.9:1.0, which is far too small a change to
of adsorption of théransDBA anion to the interfacé? account for the large decrease in the SHG si§hdh addition,

D. DBA Photoisomerization at the Water/DCE Interface. independent interfacial tension measurements made before,
Since thetrans and cis isomers of DBA exhibit different during, and after illumination measured no change greater then
molecular nonlinear responses, the photoisomerizatiorao$- 0.1 dyn cn1! during the photoisomerization. These results

DBA anions adsorbed to the water/DCE interface can be indicate that it is unlikely that there is any photoinduced
observed with surface SHG measurements at a fundamentadesorption of DBA from the interface. Also supporting this
wavelength of 730 nm. In these experiments, the interface conclusion are the observations (i) that the signal very rapidly
between a 2M DBA dichloroethane phase and a basic (pH returns to its original level following illumination at 440 nm,
9) aqueous phase is illuminated through the aqueous phase witténd (i) that thecisDBA monolayer was very stable at the
a Xe lamp at either 365 or 440 nm (see Figure 2). The Xe interface in the absence of illumination (see section E below).
light at the desired wavelength is focused on the interface, Thus, the only remaining possible source of signal loss during
centered on the SHG spot but considerably larger (approximatelyillumination is the conversion of the adsorbed DBA anions from
a 2 mm vs 0.5 mm radius). Figure 7 illustrates the effect on thetransto thecis isomer, which has a weaker SHG response
the SHG signal from this illumination with UV light. The signal at 730 nm.

at the beginning of the experiment was due to the monolayer While the loss of signal upon illumination at 365 nm was
of transDBA at the interface. When the surface was exposed significant (approximately 77%), it was not complete. The
to the 365 nm light from the Xe lamp, the SHG signal dropped amount of residual SHG signal depends upon (i) the relative
rapidly to approximately 23% of its original value. The magnitudes of thecis- and transDBA molecular nonlinear
magnitude of this drop was independent of laser power, and polarizabilities at 730 nm and (ii) the steady state amounts of
for the range of power densities reported in this paper, the time trans andcis-DBA at the interface. Since we do not expect a
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Figure 8. SHG signal drop at 365 nm during illumination as a function  converted to a maximum surface coverageisfDBA as a function

of the illumination wavelength. Maximum signal loss is achieved with  of time. The sample is illuminated with 365 nm light for approximately
an illumination wavelength of 365 nm (approximately 77%). No signal 15 min, at which time all ilumination except the SHG fundamental
loss is observed with illumination at 440 nm (the absorption maximum probe beam is removed. There is minimal recovery of the SHG over a
for cis-DBA). At wavelengths 365 nn¥ A < 440 nm, the SHG signal  period of>5 h, indicating thatrans DBA is not returning to the surface.
loss decreases monotonically, indicating that a photostationary state isThis demonstrates that thes isomer of DBA is very stable at the
being established at these wavelengths in the DBA monolayer at the water/DCE interface, and that the DBA monolayer is not exchanging

water/DCE interface. molecules with the bulk DCE phase (see the text for details). After 5
o ) h, the sample is exposed to 440 nm light, and full recovery of the SHG
significant amount of resonant SHG fraris-DBA at 730 nm, signal level and thus theansDBA monolayer is observed.

and the polarization dependence of the surface SHG signal after

illumination does not change significantly, we will assume that Since the SHG signal is proportional to the square of the surface
all of the surface SHG signal after illumination is due to residual coverage, if it is assumed that all the remaining SHG signal
transDBA. The continued presence of atnansDBA anion (23%) is due to residuatans-DBA, then approximately only

at the surface during illumination at 365 nm is due to either (i) half of the monolayer has been convertedcis DBA. This

the creation of a photostationary state or (ii) the presence of anumber appears to be unusually low to attribute to only steric
photoinactive surface population of tiransisomer. As shown  effects since other researchers have obtained conversion ef-
in Figure 8, the amount of signal loss upon illumination varied ficiencies of up to 90% with higher packing densities at the
with the wavelength of light used to illuminate the sample. At gajr/water interfac&262 It is possible, however, that the quantum
wavelengths close to 365 nm, the absorption maximum for yje|q of the reaction may be low at the water/DCE interface,
transDBA, a maximum signal loss of close to 80% was yesulting in an apparently “inactive” population wansDBA
achieved. At wavelengths between 365 and 440 nm (the peakat the interface. The quantum yields are highly dependent on
absorption wavelength fais-DBA), the magnitude of the signal  he temperature and medium, and relatively low quantum yields

loss decreased monotonically. At these intermediate wave-paye been observed previously for similarly substituted azoben-
lengths, a photostationary state where both isomers of DBA are ,oe9

constantly being formed and converted at the interface is . .
e : - By changing the wavelength of the surface SHG experiment,
definitely established. However, it should be noted that the . . .
we were able to verify thatissDBA isomer was present at the

illumination wavelength dependence of the surface SHG signal .
is not sufficient to determine whethall of the residual SHG interface. At a fundamental wavelength of 640 nm, the resonant

signal is due to thérans-DBA isomer at the interface; this is a contributions from the 330 nm transition in tieesDBA are .
limiting assumption that we will make for the sake of concrete- expecf[ed t_o b‘? enhanced, and the loss of surface SHG S|Ognal
ness in this paper. The portion of thensDBA that does upon |IIum|nat'|on at 365 nm was observed to be only 50%,
photoisomerize will be called the “activeans’ DBA for the Whe_reas the signal loss with a fundamental wavelength of 730
rest of this paper, and a loss of 77% of the SHG signal using nm is 77% (data not show_n). It can ther(_afpre be cor_1c|ude_d
730 nm fundamental light will be defined as 100% conversion that at least some contribution to the remaining SHG signal in
of the activetransDBA at the interface. It should also be noted  thiS 640 nm experiment is from thegs-DBA anion at the water/
that the same maximum amount of SHG signal loss (77%) could PCE interface.

be achieved with either an interference filter passing only 365 E. Stability of the cis-DBA Anion at the Water/DCE

£+ 5 nm or a colored glass filter passing 33880 nm. Interface. The previous section considered the photoisomer-
Therefore, only excitation via the 440 nm transition of the ization of thetransDBA anion to thecis isomer at the water/
DBA results in reconversion to thieans isomer, and the 330 DCE interface during constant illumination at 365 nm. In fact,
nm transition does not participate in the photoisomerization thecis-DBA created at this liquid/liquid interface was stable in

process. the absence of UV light. If the surface was illuminated for
The photoisomerization of azobenzenes has been studied apver 450 s, all of the activieansDBA over the entire interface
many different surfaces, but a complete conversion ofrées- was converted to theis-DBA isomer. The time scale and

DBA monolayer to thecis form is rarely observed. This transients observed during the surface conversion are examined
incomplete conversion is usually attributed to low quantum in more detail in section F below. In Figure 9, the SHG signal
yields in the photoisomerization process (resulting in a photo- from the surface is recorded for a 5 h period after an initial
stationary state) or steric hindrances in the isomerization processllumination at 365 nm for 15 min. During this time period,
resulting from the molecular packing in a monolayer or film. only a small amount of theiss DBA is thermally converted back
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after 5 h resulted in a complete recovery of the original SHG 200 - 365nmon
signal.

The high stability demonstrated by tloés-DBA anions at i
the water/DCE interface is evidence that the adsorbed monolayer 150}
does not exchange DBA molecules with the bulk DCE solution.
In section A, a thermal isomerization rate of (67 mihjvas
observed for DBA in DCE solution. If the monolayer were
exchanging DBA molecules with the bulk organic phase, then
the SHG would have returned to its original level on that time .
scale. We can therefore conclude that the monolayer of DBA i = 440nmon
anions at the liquid/liquid interface does not exchange molecules solL — biock 365 mm ]
with the bulk organic phase at this high aqueous pH. Once - 1
created at the interface, the anionic DBA molecule cannot return
to the organic phase without reprotonation, which is highly i
unlikely at an aqueous pH of 9. In addition, B¥is measure- T BT N R S
ments of the aqueous phase verify that no forms of DBA are Time (sec)

photochemically transferred across the interface. . . . L
] ] o ] o Figure 10. SHG as a function of time for a limited illumination time
In comparison with azobenzene derivatives in other thin film experiment. The sample is illuminated for 220 s with 365 nm light, at
systems, thecissDBA anions at the water/DCE interface are which time the illumination is blocked. During illumination, the SHG
remarkably stable. A similar azobenzene molecule assembleddrops to a minimum as all actiteansDBA is converted tcis within
at the Sn@air interface was studied by Liet al 46 who the illumination spot. When the light is blocked, the SHG rises very

0 L quickly, and then settles to a new equilibrium level due to a
observed that 30% of thasisomer was thermally reconverted redistribution ofcis- andtran-DBA across the interface and in the laser

back to thetransisomer in only 50 min at room temperature. oot Full SHG recovery is subsequently observed upon illumination
Even when azobenzenes are covalently bound to a polymer inwith 440 nm.

a film,55 complete recovery of theansisomer is accomplished

in 8 h. While molecules in self-assembled monolayer films in root of the illumination time. The conversion of the surface
general have slower thermal isomerization rates than those inby illumination in a small spot can only occur if there is
bulk solution, there must be some additional chemical reasonsmovement of the DBA molecules on the interface. If this is
why the cis-DBA is so stable at the water/DCE interface. modeled as a case of surface diffusion, the remainiags
Fujishima and co-workers have observed that reduced hydrazomonolayer fraction should depend on the area of the interface,
compounds at interfaces are thermally stdBR8, but it is A, the radius of the illumination spoB, and the illumination
unlikely that photoreduction or photooxidation is occurring at time, t,, as shown in eq &, whereD is the surface diffusion
the water/DCE interface. Another possible stabilizing mecha- 1o
nism at the liquid/liquid interface is intermolecular hydrogen _ 4B(7Dt,)

bonding of the azo nitrogens with either the water molecules at Oans =1 = A ®)

the interface or o'Fher adsorbeq DBA molecules. ) constant for both thdrans and cis isomers of DBA at the

F. Photochemical Conversion of DBA over the Entire jnterface. The data in Figure 12 do follow eq 6, and analysis
Interface. As mentioned in the previous section, the entire of these measurements produces a surface diffusion constant
activetransDBA monolayer was converted to ttués isomer of 0.025 cni/s. This diffusion constant is about 4 orders of
in 450 s upon illumination at 365 nm, despite the fact that only magnitude too large for physical diffusion on the surf48s°
a small portion (about 3%) of the total interface was illuminated. oy even in the bulk liquid® Thus, other means of converting
To examine this conversion process in more detail, a series ofthe surface must be consider@d.
SHG experiments with a variable illumination time were One possibility is that energy transfer frotmansDBA
performed. Figure 10 shows the SHG signal after Xe lamp molecules within the 365 nm illumination spot tans-DBA
illumination at 365 nm for 220 s. The SHG signal drops initially  molecules on the surface could in principle lead to the rapid
to 23% of the original SHG signal as the maximum conversion photochemical conversion of the entire monolayer foams-
level is quickly achieved within the Xe illumination spot. After  to cissDBA. During illumination, excited DBA molecules could
the Xe lamp illumination is blocked, the SHG signal first rises  pe created via energy transfer outside of the illumination spot.
and then settles to a Steady state value. This new equilibriUmThese excited DBA molecules could then convert to ¢ise
level is due to the incomplete conversion of the total active isomer. However, the SHG Signal rises and reequ”ibrates to a
transDBA monolayer on the surface to ties-DBA isomer, new equilibrium level quicklyafter blocking the 365 nm light
followed by the reequilibration of the surface after the 365 nm (see Figure 10). Since this rapid equilibration occurs in the
ilumination is blocked. The initial rise in SHG observed upon agpsence of i”umination’ energy transfer must be ruled out as
blocking of the 365 nm illumination varied from experimentto  the primary reason for the anomalously fast surface conversion.
experiment; however, the variation in initial rise did not affect A second possib|e reason for the rapid photochemica|
the steady state SHG level attained subsequently. Uponconversion of the entireansDBA monolayer to theisisomer
illumination with light at 440 nm, the entire surface is s surface-tension-induced convection. Convection effects can
reconverted back taransDBA. arise via changes in the interfacial tension for different areas of

The new equilibrium SHG signal level established after the interface during the photoisomerizatf8n.Changes in
conversion of a portion of the surface varied with the length of surface tension, due either to differencesism andtransDBA
the illumination time on the sample, and is displayed in Figure surface coverage or local heating by the Xe lamp or HeCd laser,
11. From the square root of this SHG signal level, the remaining can lead to convective transport either directly or indirectly
fraction of the activdrans monolayer can be calculated. This through the motion of the adjacent solution via the well-known
fraction, Oyans, is plotted in Figure 12 as a function of the square Marangoni effect?~%4 Surface-tension-induced convection and

to thetrans form. Moreover, illumination with 440 nm light h L L L o B S

100 -
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Figure 11. Amount of the original SHG signal observed upon surface 407

reequilibration after a limited illumination time. The dashed line
indicates the level of SHG that is achieved during illumination, when 0 . .
all of the activetransDBA is converted tais-DBA in the illumination 0 600 800
spot. When the sample is illuminated for ca. 450 s, no recovery of the Time (sec)
surface SHG is seen, indicating that the entire active interface has beenFigure 13. SHG as a function of time faris-DBA monolayers being
converted tais-DBA. At low illumination times, almost full recovery illuminated with 442 nm light from a HeCd laser where (a) the HeCd

of transDBA SHG is observed. The solid line is an exponential fit  and SHG spots are over|apped and (b) the HeCd and SHG are separated
with a decay time of 139 s. by 5 mm. When the spots are overlapped, immediate return of the SHG
is observed, similar to that seen in Figure 7. When the spots are
separated, there is a delay between the start of the illumination and the
onset of the SHG recovery. Full recovery of the SHG 5 mm away from
the illumination spot is eventually achieved in approximately 1200 s,
verifying that DBA molecules are moving across the entire water/DCE
interface due to surface-tension-driven convection effects on a relatively
fast time scale.
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part of the interface (see Figure 2). Figure 13 shows the results
] of a typical two-spot experiment: when the HeCd and SHG
E were overlapped, an immediate recovery of the SHG in the laser

Active Trans DBA Monolayer fraction, etrans

0.4F
E ] spot was observed similar to that seen in Figure 7; if the beams
a ] were separated by 5 mm, then recovery of the SHG was still

02F 7 observed but on a longer time scale. This time scale is similar
‘ to the time scale observed in the Xe lamp experiments for total
d conversion of the surface ws-DBA. In addition, anomalous

U = waves in the surface SHG signal can be seen in the 5 mm data

5 10 20

S in Figure 13. The form of these anomalies varied from
(illumination time) ™= (s

experiment to experiment, in a manner similar to that of the
transient rise observed in Figure 10, and most likely was due
to the interfacial-tension-induced convection currents that are
responsible for equilibrating the entire surface.

Figure 12. Remaining fraction of the activeansDBA monolayer,
Owans, plotted versus the square root of the illumination tirfigas is
determined from the square root of the equilibrium SHG level in Figure
11. If the motion of DBA molecules at the water/DCE interface is

modeled as surface diffusion, the slope of this plot yields a surface
diffusion constant for DBA of 0.025 cffs (see eq 6 in the text). This

A final experimental observation was that increasing the
power of the HeCd illumination resulted in an increase in the

surface diffusion constant is 4 orders of magnitude larger than expected, qte of the return of the SHG signal level. Since the power

implying that either surface convection or some other mechanism is

density of the 442 nm light in all of the two-spot experiments

ible for th i f th tire interface. - . .
responsibie for the conversion of the entire intertace was sufficient to rapidly convert all of laser spot frans-DBA

large effective diffusion constants due to the Marangoni effect back to theransisomer, any increase in the rate of conversion
have been studied previously in monolayers at liquid/air of the entire surface is due to increased laser heating effects,
interface>¢ Convection effects would also account for the resulting in increased surface-tension-induced convection. This
rise in the SHG signal after the Xe lamp illumination is blocked; power dependence is further evidence that the DBA molecules
large fluctuations such as these would not occur if surface were transported across the surface via surface convection
diffusion were the dominant transport mechanism. induced by laser heating.

As a final test that the entire monolayer of DBA was
photochemically converted by a small illumination spot in less Summary and Conclusions
than 500 s, a set of SHG experiments were carried out where
the illumination spot was well separated from the SHG probe In conclusion, we have demonstrated how the optical
laser spot. The Xe lamp was first used to convert the surfacetechnique of resonant SHG can be used as a probe of
from transto cis at 365 nm, and then a small spot from a HeCd photochemical reactions at the liquid/liquid interface. Due to
laser at 442 nm was used to convert a part of the interface backchanges in the molecular nonlinear polarizabilities between the
to trans DBA while recording the SHG signal from a different  transandcis isomers, we were able to observe thensto cis
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photoisomerization process in a monolayer of an azobenzene (34) Donaldson, D. J.; Guest, J. A;; Goh, M. L.Phys. Chem1995

derivative, DBA, adsorbed at the water/1,2-dichloroethane
interface. The photoisomerization was reversible at this inter-

face, and thecis form of the DBA molecule was found to be
unusually stable. No appreciable thermal conversion ofithe

DBA to transDBA was observed over several hours. Complete ;

conversion of the active surface framns to cissDBA occurred

99, 9313.

(35) Grubb, S. G.; Kim, M. W.; Rasing, T.; Shen, Y. Rangmuir1988
4, 452.

(36) Conboy, J. C.; Daschbach, J. L.; Richmond, GAppl. Phys. A
1994 59, 623.
(37) Tamburello Luca, A. A.; Heert, P.; Brevet, P. F.; Girault, H. H.
Chem. Soc., Faraday Trans995 91, 1763.
(38) Ross, D. L.; Blanc, J. IfPhotochromismBrown, G. H., Ed.;

on a very fast time scale that was attributed to surface mixing Wiley-Interscience: Toronto, 1971; Vol. Ill, p 471.

or surface-tension-driven convection effects.
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