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Anisotropic Orientational Motion of Molecular Adsorbates at the Air —Water Interface

David Zimdars,' J. I. Dadap,"* Kenneth B. Eisenthal,*" and T. F. HeinZ
Department of Chemistry and Department of Physics, Columbiadusity, New York, New York 10027

Receied: Naowember 18, 1998

The ultrafast orientational motions of coumarin 314 (C314) adsorbed at the air/water interface were investigated
by time-resolved surface second harmonic generation (TRSHG). The theory and method of using TRSHG to
detect both out-of-plane and in-plane orientational motions are discussed. The interfacial solute motions were
found to be anisotropic, with differing out-of-plane and in-plane reorientation time constants. This report
presents the first direct observation of in-plane orientational motion of a molecule (C314) at the air/water
interface using TRSHG. The in-plane reorientation time constant ist6@0 ps. The out-of-plane reorientation

time constant is 356 20 ps. The out-of-plane orientational motion of C314 is similar to the previous results

on rhodamine 6G at the air/water interface which indicated increased interfacial friction compared with bulk
aqueous solution. The surface reorientation times ar@ ttmes slower than the bulk isotropic orientational
diffusion time.

1. Introduction of coumarin 314 (C314) at the air/water interface. A second
harmonic (SH) signal is generated only by the chosen interfacial
adsorbate (see refs 3 and 19 for reviews of SH spectroscopy).
There is no interference from the bulk solute, since SH is electric
dipole forbidden by symmetry in isotropic bulk medi&20-2!
Only those probe molecules present at the interface where
inversion symmetry is broken can contribute to the SH signal.

The surface specificity of the SH signal gives TRSHG a great
advantage over other spectroscopic methods sensitive to orien-
tational motion. Conventional time-resolved fluorescence can
htypically be used only when the probe is so insoluble that it is
present chiefly at the interfadé-2> Occasionally, one of the
bulk media has a favorable index of refraction to allow the
fluorescence to be probed by total internal reflectance (F1RY.
Unfortunately, TIR is not rigorously surface specific since the

vanescent wave probes hundreds of molecular layet8@0

) beyond the true surface.

TRSHG has been used to study molecular dynamics of
molecules at the air/quaf&?®and the liquid/quart? interfaces.
Rotational relaxation has been studied at the air/water inter-

. . . . 6,17
in excess at the interface to lower the surface tension. Insidefac€®'’ as well as processes such as energy transfer and

the water bulk, these dissolved molecules would rotate and Photoisomerizatiot#-*"32 among others.
diffuse in all directions. In comparison, the motions of a solute ~ Previously, we have used TRSHG to study the rotational
molecule at the airwater interface are restricted by an motion of rhodamine 6G (Rh6G) at the air/water interféfte.
asymmetric surface potential energy. One end of the molecule The results of our earlier study on Rh6G showed that the
may prefer to stick down into the water, while the other end orientational out-of-plane motions are slower at the interface
may prefer to stick up into the air. This asymmetric surface than in the bulk, whereas others have found that for eosin B
environment can result in anisotropic orientational motion at the interfacial out-of-plane motions are faster in comparison to
the air/water interface. Rotational motions within the plane of Orientational motion in bulk wate¥. In the previous work on
the interface are no longer equivalent to rotational motions out RN6G* and on eosin B/ only the out-of-plane motions were
of the plane of the interface. detected. In the present study on coumarin 314, we detect both
In this investigation, time-resolved surface second harmonic the in- and out-of-plane molecular motions and can explicitly
generation (TRSHG) was used to probe the orientational motionsdiscriminate the in-plane orientational motion.
This study represents the first direct observation of in-plane
*To whom correspondence should be addressed. E-mail-eisenth@ Orientational motion of molecules at the water/air interface using

The physical and chemical properties of interfaces are of great
importance to fundamental science, medicine, and technét8gy.
Intrinsic to the interface is the asymmetrical environment
experienced by the chemical species at the intefé®bahether
they are in the form of a solid or a molecular species, as in a
gas or liquid, or are interface charges made up of electrons or
ions. It is this interfacial asymmetry, which is absent in the bulk
media, that determines the orientational structéirehemical
composition, polarity213 and transport properties of the
interface. These factors, in turn, determine static properties suc
as interfacial chemical equilibrig,pH,'®> and phases of long-
chain amphiphiles! as well as the dynamics of molecular
motions!®17 energy relaxatiof® and chemical change. Explor-
ing interfacial orientational motion provides information im-
portant to such processes such as the rate of transport and th
reactive stereochemistry of species at the interface.

Even the apparently simple example of the air/water interface
shows complex properties in comparison to the interior of liquid
water. Many types of molecules dissolved in water will gather

ch$m.columbia.edu. _ TRSHG. With respect to the out-of-plane orientational motions,
Department of Chemistry. . o the results are similar to the previous study of Rh6G at the air/
* Current address: Department of Physics, Columbia University, New - . .
York, NY 10027. water interface which showed that for these molecules there is
8 Department of Physics. greater friction at the air/water interface than in bulk water.

10.1021/jp9844680 CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/09/1999



3426 J. Phys. Chem. B, Vol. 103, No. 17, 1999

A

Coumarin 314

Figure 1. (A) Coumarin 314. The arrow shows the direction of the
permanent dipole moment and the transition dipole moment of ghe S
to S transition and is taken to be the reference axis of the molecule.
(B) The distribution probability of C314 at the air/water interface. The
angle® is the angle out-of-plane from normal, agdis the in-plane
projection angle around theaxis.

In addition to molecular rotation, we observed a component
to the TRSHG decay attributable to electronic excited-state
solvation. To our knowledge, little is known about the ultrafast
solvation dynamics of molecules at liquid interfaces. In excited-
state solvation, the interfacial water solvent shell around the
solute relaxes in reaction to the change in permanent dipole
moment upon excitation of the solute. The excited-state

contribution to the SH changes on the femtosecond time scale

as the excited-state spectra shifts in wavelength. We have foun
that the solvent dynamics occur 2 orders of magnitude faster
than the coumarin 314 solute orientational motion. Thus, the
solvation component can be easily separated from rotational
dynamics.

2. Theoretical Considerations

2.1. Introduction to Time-Resolved Surface Second Har-
monic Generation. TRSHG is a form of pumpprobe spec-
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abilities, [a@0(for brevity the direction cosine matrixes have
been omitted). At equilibrium (before pumping or well after
pumping), all molecules are in the ground state. The probability
distribution of finding a ground-state adsorbate with out-of-plane
angle @ and in-plane anglep is pq(0,¢;t<0). The nonlinear
polarizationP,, before pumping is

P, (t<0)= Eimg@Ngqgwwo) (1)

It is this ground-state orientational average from which the
pump pulse photoselects an anisotropic subset of molecules in
a manner that makes the recovery dynamics of the probed
second harmonic sensitive to orientational motions. By choosing
the pump polarization, the photoselection will yield dynamics
dependent on both in- and out-of-plane motions or out-of-plane
motions alone (see Figure 1B). The distribution of molecules
excited by the pump pulse &t 0 will be denotece(0,¢;t=0).
Initially, the number of excited molecules orientetbaty will
be proportional tdNepe (0,¢;t=0) with Ne being the total number
of interface excited molecules &t 0. The number of ground-
state molecules oriented @tg is proportional tdNpg(6,¢;t<0)

— Nepe(0,¢; t=0), whereN is the total number of molecular
adsorbates. After the initial excitation, the time-dependent
distributionspe(6,¢;t) andpg(6,¢;t) will evolve as the excited-
and ground-state molecules orientationally diffuse to their
equilibrium orientational distributions.

If at time t = 0 the adsorbant is pumped by a one-photon
resonant polarized pump pulse (Figure 2), the probe SH
polarization at time is given by

P, (t20) = E, TN — Ne()5) 15,9 +
szmfaz)Ne(t)qe(G,(p;t) (2)

The orientational averagddlare time dependent because of
the evolution of the orientational probability functip(®,¢;t).

The populations of ground- and excited-state adsorbates change
with the excited-state lifetime as well.

Population recovery, orientational motion, and electronic
xcited-state solvation are well separated in time, allowing a
ingle pump-probe decay to have resolvable kinetics on the

nanosecond, picosecond, and femtosecond time scales corre-
sponding to the excited-state lifetime, reorientational time, and
solvation time, respectively. In addition to orientational relax-
ation, which we will see occur on the time scale of hundreds of
picoseconds, we have observed excited-state solvation dynamics
(<1 ps) and excited-state population recoverp (1s). Because

the solvation time scale is so much shorter and the population
recovery time scale so much longer, the orientational dynamics

troscopy where surface solute molecules are first resonantly can be easily separated by only considering the pupnpbe

excited by an optical pump pulse and then monitored at a later

data from~2 ps to~1 ns.

time by detecting the second harmonic generated by a reflected 2.2. Dependence of Second Harmonic on Orientational

optical probe. While the pump may excite solute beyond the

Motions. In the following sections, the sensitivity of SH to

surface, the technique only monitors the solute in the surface orientational motions will be shown more explicitly. The second
layer due to the surface specificity of SH. In addition to the harmonic signal field generated at the interface is proportional
solute population, orientational motions can be observed becauseo the square root of the experimentally measured intensity,
the SH signal strongly depends on the orientation of the solute. |(2w) = (E(2w))Y2 The signal SH field is proportional to the
As the solute reorients in time, the probe SH signal changes.induced second-order nonlinear polarizatiB2w) O P@ (2w).

The probe frequency is usually chosen to be two-photon The SH polarizations with componerit$, are more succinctly
resonant with the origin electronic transition of the adsorbant written as the probe electric field acting twice times the second-
So—$S1 (the states will be denoted “g” and “e”, respectively). order nonlinear polarizability,

The reflected second harmonic field amplituée,, is propor-
tional to the surface nonlinear susceptibilig?, which in turn 3)

is proportional to the number of adsorbates per unit axga,

and the orientational average of the molecular hyperpolariz- where the subscripts j, k are determined by the polarization

(2)

POQwit) = E(@)E (o)) (20.0.0i)
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Figure 2. Time-resolved second harmonic generation pump probe setup for detection of orientational motion. The experimental setup is described
in detail in the text.

of the analyzed SH and probe fundamental (subsequently forthis case, the ground- and excited-state uniaxial hyperpolariz-
brevity, the frequency indicesu w, w will be omitted). Al abilities, o7z ando@z; , are parallel to the transition dipole
of the dynam|CS of eq 2 will be included in this tensor. The momenwgea|ong the reference axﬁ For a two-level System,

surface second-order nonlinear susceptibility tensor for a ground-the microscopic hyperpolarizabilities are opposite in sign,
state ensemble of C314 at the air/water interface can be () @), . 20 However, because the excited-state solva-

3,34 e G0 = 04y
expressed as tion can shift the ground/excited-state energy separation, the
Lo (ea)=Ny > [T ot 4)

two-photon resonance of the excited state with the probe pulse,
the relationship for C314 is only approximate®:: ~

. @ .. .

where T 'is the direction cosine matrix that transforms the hag tee- Note that, fr?r a ungxu’:t)l molicule,flt is assumed that
laboratory framei( j, k) into the molecular frame (m, n), Ng the average over the angl about the reference axis (not
is the number of ground-state molecules at the surface at equili-SNoWn) can be replaced by some constant average value.

brium, ol?. is the molecular hyperpolarizability for the The orientational probability distribution and angular notation

Im . . .
m, n axes, and Lidenotes the orientational ensemble average. iS Shown in Figure 1B. The out-of-plane anglesubtends the
By symmetry, only the elemenig?, 2, andy? are nonzero molecularg reference axis and treaxis normal to the surface
' Z2 NZXX XZX . . .
at an interface (thX andY axes are equivalent for an isotropic  Plane. The in-plane anglg subtends the projection of the
surface). Experimentaly, the elememi)x and Xizz)x can be reference axig in the surfacex—y plane and the-axis. The

isolated by the proper choice of fundamental and SH analysis N-Plane ¢ angular distribution is isotropic at equilibrium

polarizations. because the in-plane intermolecular forces are isotropic. How-
C314 is shown in Figure 1A, where the moleculaaxis is ever, the asymmetry in forces normal to the interface, e.g., air
taken to be along the transition dipole moment of the above and water below the interface, is responsible for the high

electronic origin at 420 nm. This-axis will be considered the ~ degree of orientation in the adsorbates out-of-plane afigle
orientational reference axis. The number of nonzero hyperpo- This orientational distribution is depicted schematically in Figure
larizability elementsx(?). contributing to eq 4 is determined by 1B as the C314 molecules lying between two cones, i.e.,
the symmetry of the molecule. principally oriented between thevalues of the two cones. For
For the purposes of analysis of the time-resolved SH signal, C314 at the air/water interface, the out-of-plane distribution in
our measurements indicate that the symmetry of C314 can bethe ground state was measured to be peaked néabythe
approximated as uniaxial. Uniaxial symmetry predicts @t ~ null angle techniqué.
= 4@ Experimental data was taken chiefly fgff); however, Because C314 has a large change in dipole moment on
the equivalence of th%(zi)x and ng)x time-resolved signal was  €Xcitation, the equilibriuntmay is not necessarily the same for
verified experimentally to show that this approximation is valid. the ground and excited states. The differing electrostatic
There is only one hyperpolarizability element in the ground interactions with the solvent molecules in the interface region
state and excited state for uniaxial symmetry. Since the only could drive the excited state to a different out-of-plane angle
strong SH resonance enhancement for C314 is the two-photonf, and pe(0,¢,t>0) = pg(0,¢,t<0) where t> 0 means a
resonance of the ground and lowest excited state, we can makesufficiently long time such that the excited states have reached
the approximation that C314 is nearly a two-level system. In their equilibrium orientational distribution. A difference in the
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Probe Generated SH excited-state parts,

840nm z 420 nm

Polarization: 45 deg Analyzed 90 deg

Incidence: 70 deg 4 XE(ZZ))(t) = X)((ZZ))&(I) + XE(ZZ))E(I) @)

Those ground-state molecules that were not photoexcited
reorient in the process of returning to the equilibrium ground-
state distributiorpy(0,¢,t<0), whereas the pumped excited-state
molecules orientationally diffuse toward whatever may be the
equilibrium excited-state distributiop(6,p,t>0). Since the
excited-state lifetime of C314 is an order of magnitude longer
than the measured orientational dynamics, it is not necessary
to consider the contribution of the ground states that were
initially photoexcited. The contribution of population relaxation
(and excited-state solvation) to the dynamics will be dropped

Highlighted Coumarin 314°s in further equations due to the separation in time scales.

generate a predominance of the SH The TRSHG data will be analyzed in terms of in- and out-
Figure 3. Schematic of SH from C314 at the air/water interface and of-plane motion without a complete evaluation of tpé@
detection of the 2, tensor element. Darkened C314's contribute most elements appearing in eq 7. The time-dependent probability
strongly to the orientational average. distributions that govern the time evolution of ground- and

out-of-plane angle between the ground and excited state wasSXCited-state molecules, which are C_O”t‘fii”e%ﬁ(t)* depend
observed previously with Rh6G at the air/water interfi®. ~ ©n the pumping geometry, the polarization of the pump light,
The direction cosine matrix element transforming the single the ground- and excited-state equilibrium distributions, and the
oy il (2) : ; ensuing orientational motions at the interface. While we know
u.r:za)@(lal Zype;pm?”zsb"r']w(%g C%C (;?tloz ths lab fra:ne(z)ls a-priori the pumping geometry and polarization, an explicit
Sin® 6 cosb cos ¢ for bothy,,, andy;,, For brevity, onlyy,,, model of the ground- and excited-state orientational equilibrium

X
will be denoted in the following equations and discussion. distributions and orientational motion must be assumed or

However, in all cas (zzx)x: 22 The susceptibilityg(fz))% for the inferred from other data. We are currently developing a model
ground state can be written as, which contains the ground- and excited-state contributions to
@ @) i 2 eq 7. The equilibrium orientation of the ground-state molecules,
Xx%(GQ)— Ng0tg ¢z SIN” 6 cos6 co ¢qg(a,¢;t<0) (5) i.e., the distribution before the pump light, can be measured
assuming a narrow distribution of ground-state out-of-plane

and explicitly as orientations. The in-plane orientations of the ground- and

excited-state molecules are isotropic in the interfaciatY)
@ _ @ . plane because there are no anisotropic orienting forces in the
Yoy, (€)= Nyotg ZEE Ofbf sin? 6 cosé cos ¢ olane.

For the heuristic purpose of illustrating how the pumping
geometry and polarization can discriminate the two types of
The orientational average in eq 6 weights the contribution of motions, thg contribution qf the excited state to eq 7 W'.” be.
the microscopic hvoerolarizabilit. 1o the Macrosconic presented in greater detail. The g_rou_nd-_state cor_1tr|but|_on is

pic hyperp Weee P analogous, but for the sake of brevity it will be omitted since

§usceptibi|ity;¢§22)x by the orientational probability distribution 16 eyaluation of a more explicit equation is not necessary for
in angles® and ¢ for a surface ensemble of C314 and the ihis work.

27w

py(0,@;t<0) sin6 do dp (6)

direction cosine matrix element $i cos cod ¢. Figure 3 2 4. Excited-State Orientational Motions. At t = 0. the
illustrates how the result of this average weights different angles probability of photoexciting a molecule whose transition dipole
6 and¢. Those C314 molecules with molecular a@zmore momenty is oriented at angle®), ¢ with respect to the
nearly in-plane (larger ang®) are weighted greater irf2) due laboratory axes will be denoted 7i-EX(#,¢) whereE is the

to the sif 6 cosé portion of the direction cosine matrix element. electric field of the pump and is a collection of all constants
Likewise, those C314 molecules that lie more nearly along the associated with photoexcitation. This excitation probability is
lab frame X"-axis (small anglep) are also weighted greater in  projected onto the ground-state distributjggd,¢,t<0) so that
7, due to the cdsg portion of the direction cosine matrix  att = 0 pe(6,¢;t=0) = o[-E|? (6,¢)py(6.¢;t<0) and

element. However, those molecules with theiaxis oriented

closer to the laboratoryY"-axis, ¢ ~ n/2, or with @ near O ) , 27 .
contribute less tg/®. 21(0)=NoP,.0 [ [ sir’ 6 cos6 cog
2.3. Time Dependence Upon PumpingThe strategy to 00
detect orientational motion is to selectively excite C314 ) |/7-E|2(0,q0)pg(0,<p;t<0) sinf do d¢ (8)

molecules with a polarized pump pulse, thereby changing the

orientational distribution of molecules and thus changing the  For timest > 0, where the excited molecules have redis-
orientational average of th (ZZ)X element. The ensuing time-  tributed to the equilibrium excited-state distributigd,q,t>0),
dependent changes in the orientations of the remaining ground-then

state molecules and the photogenerated excited-state molecules

will be detected by the probe as the molecules move into or @ @ 2nn )

out of the predominately weighted anglestfind ¢ as they Lo (B>0) = NOi e Uff sir 6 cos6 cos ¢

move to their equilibrium orientations. The time-dependent 00 _

x2(t) element can be written as the sum of the ground- and p0,¢;>0) sin6 db de (9)
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An evolution functionGg(6,¢;0,t) can be used to describe Circularly
the reorientation fronpe(6,¢,t=0) to pe(0,¢,t>0) so that _ ‘@" Polarized
Out-of-Plane 6 Pump

Motion

SH

217
2o =Nal... o [ [ sin’ 6 cos6 cos A -
00

@ [4El* (0.9) py(0.0;1<0)G(0,9;0.0) sin6 do de (10)

Again, the evaluation of eq 10 requires the explicit form of
Ge(0,9;01) and pe(0,¢;t=0) contained inGg(0,p;0t) for t >

Excitation in X-Y plane

0. These functions depend on the model of orientational X

diffusion at the interface. However, eq 10 is useful in illustrating “X” Linear
how the pumping polarization can select in- and out-of-plane g Polarized
orientational dynamics. The analogous form §dg, (t) con- Pump

tains a different evolution functioGy(0,¢;0) that contains the
ground-state reorientation dynamics.

2.5. Pumping Polarization Selection of Orientational SH

Probe

Dynamics. The pumping geometry was chosen such that the B

angle of incidence was normal to the air/water interfates

0. That is, the pump electric field was parallel to XY plane P

of the interface. Only the polarization of the electric field within Motion

the X—Y plane was varied. Three different pumping polariza- X Excitation along X axis
tionst were used: circularly polarized in tie-Y plane (“C”),

linearly polarized along th¥-axis (“X”), and linearly polarized “Y" Linear
along theY-axis (“Y”). In all cases, the pump intensity was @ Eimzed

kept an order of magnitude below the saturation level for C314

to avoid any distortion in the selected projection of the

polarization. See Figure 4 for an illustration of the coordinate

system. C
The probability expressions for the excitation of a ground-

state molecule oriented with anglésind¢ with respect to the

laboratory axes are In-Plane ¢ L /
Motion Y

e~y . . Excitation along Y axis

C” circularly polarized pumping:
- = 2 _ 2E 22 Figure 4. (A) Schematic showing the effect of normal incidence
|i-Ecl” (0.9) = uE"sin" 6 (11a) circularly polarized pumping. (B) Schematic showing the effect of

Probe SH

g : : Avic: pumping polarized along thé-axis. (C) Schematic showing the effect
X" pumping polajlaedzalong( aX|§. 5 . of pumping polarized along thé-axis. The text describes how these
[2-Ex|” (0,9) = uEx sir’ 6 cog @ (11b) pumping schemes discriminate in-plane and out-of-plane orientational
motion.

“Y” pumping polarized along-axis:
l#-Ey|? (0.¢) = 1’E,*sirf 0 sir® ¢ (11c) contributions of the newly excited molecules and the remaining
ground states. Because the excitation is not isotropic in the out-
WhereE is the electric field amplitude of the pump light for ~ Of-plane angled, the SH signal will recover with the out-of-
the appropriate polarization. plan_e reorientation time as the_ equilibrium distributions are

2.5.1 Out-of-Plane Orientational Dynamic3he out-of-plane ~ regained in the ground and excited states. However, complete
orientational dynamics may be isolated by pumping normal to "€covery of the SH signal to its baseline, i.e., its value =0,
the liquid plane with circularly polarized light “C”, eq 11a. The ~ Will not occur until the excited molecules relax to the ground
reason for this is that the ground-state molecules are isotropically €l€ctronic state. _ _ _
distributed in the interface plane and the amplitude of the 2.5.2 In—Plane Orientational DynamicsThe scheme to
circularly polarized pump light is also isotropic in the interface  differentiate in-plane from out-of-plane orientational motions
plane. This in-plane isotropy of molecules and pump light relies on using linearly polarized pumping and the different
produces an in-plane isotropic distribution of excited molecules contributions toxizz)x of molecules oriented along théaxis vs
and remaining ground-state molecules. Because the probabilitymolecules oriented along th&-axis. Unlike the circularly
of exciting a C314 with out-of-plane angk goes as s, polarized pumping experiments, the ground- and excited-state
the probability of exciting a C314 with a larger anglés greater ~ populations are no longer isotropic in the-Y plane when the
than that of exciting a C314 with a smallér Because the ~ pump light is linearly polarized along th¢ or Y axes. As the
circularly polarized pump induces an anisotropy only for the populations of ground- and excited-state molecules along the
out-of-plane angley, the kinetics observed are due only to out- X and Y axes reorient, their effects gff2, differ and the SH
of-plane motions. probe detects in-plane kinetics.

The distribution excited by circularly polarized light is The orientational distribution of C314 excited by pumping
depicted in Figure 4A by highlighting those C314 on the lower along theX-axis is depicted in Figure 4B and is given by eq
“cone” with a large angl®. As discussed in section 2.2, those 11b. The in-plane excitation distribution for thé-axis is
molecules with larger anglé contribute more strongly t%(xzz)x proportional to co5¢. As noted earlier in section 2.2, molecules
than those with small anglé. The measured SH signal will ~ oriented along thex-axis make a larger contribution tg2,
decrease after the pump pulsetat 0 due to the opposing  than those having their transition moments oriented along the
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Y-axis. Pumping along thX-axis will remove more ground-  evolution functionG(6,¢;0,t) must be separable in addition to
state molecules and create more excited-state molecules alonghe pumping projection functiong-E|%(0,¢).

the X-axis than for a circularly polarized pump pulse of equal The pumping probability functions are separable as shown
intensity. Thus, the change in SH signal will be greater for the in egs 11a-c. The equilibrium distribution functionsy(0,¢;t<0)
detection of they?, element, i.e., incident probe light polar- andpe(6,¢;t>0) are also separable since they must be isotropic
ized alongX and Z and SH polarized along thé-axis. Note in the in-plane angley, that is p,(¢;t>0) = const. We make
that the probability of exciting a C314 with out-of-plane angle as a first approximation that the orientational motion described
6 is still sir?d, andX-axis linear pumping will still detect out- by G(6,¢;01) can be separated i and ¢. This assumption

of-plane motions. The effect ofaxis linear pumping is to create ~ ¢an be made for molecules adsorbed to a liquid interface that
an in-plane component to the TRSHG decay. are oriented between a range of out-of-plane angléisat is

not wide. If the out-of-plane distribution is not too wide, the
rate of in-plane orientational diffusion is not likely to vary
greatly within the restricted values 6f

The time dependence of the susceptibijci&(t) ineq 7 can
be expressed as the sum of the equilibrium value of the
susceptibility plus a time-induced change,

After X-polarized linear pumping, the orientational diffusion
back to equilibrium will serve to reorient the excited states away
from the X-axis to achieve isotropic orientation in thé-Y
plane. The remaining ground states likewise reorient back toward
the X-axis, because of the deficiency of ground-state molecules
due to the X-polarized pump light. As reorientation progresses,
the X-axis excited-state molecules rotate away from the X @ — 2 @)
orientation, and the ground-state molecules rotate towar¥ the 1) = %z{ )+ M) (12)
direction. Both the excited molecules orienting away fr¥m
and the ground-state molecules orienting towxrderve to
increasey? and thus the SH signal. Ultimately, the linearly
pumped orientational ensemble will reach the equilibrium

orientational distribution, i.e., the in-plane distribution is are taken to be nearly equivalent. This equivalence of the
isotropic in anglep. This_ equi_libril_Jm distributiqn is i_dentical ground- and excited-state dynamics is based on the observation
to that reached by pumping with circularly polarized light. Thus, ot the out-of-plane kinetics observed in the circularly polarized
the Il_nearly pumpe_d SH will recover to the same level as reached pumping experiments yielded a single exponential decay. If the
by circularly polarized pumping. rotation times of the ground- and excited-state molecules were
The effect ofY-axis linear pumping is analogous to that of  significantly different, the observed decay would have been
X-axis linear pumping but opposite in effect for the in-plane nonexponential. The consequence of this approximate equality
component. The orientational distribution of C314 excited by of ground- and excited-state orientational dynamics is that the
pumping along ther-axis is illustrated in Figure 4C and given  averages in eq 12 can be written@Sg(o:) pp(s:) = Ca(t) Co(t),
by eq 11c. Foiv-axis pumping, the in-plane excitation distribu-  the product of an out-of-plané function and an in-plane

where Ay2)(t) gives the change of the susceptibility at time
with respect to the equilibrium valug?(eq), that is;y{2(eq)

= (2) t<0
Lakt<0). o _
The orientational dynamics in the ground and excited state

tion varies as sihg. Given that the contribution to thg®?, function. The change in susceptibility is then
tensor element by molecules along tiexis is minimal in @ @ @
comparison to th&-axis as described in section 2.2, the change Axal) = —Ne(—0 e 0t ) Col) €, () (13)

in SH signal at = 0 will now be less in comparison to circularly
polarized pumping since circularly polarized pumping pumps
along theX axis as well as th&-axis.

Note that the functionss(t) c,(t) contain all of the orienta-
tional dynamics. For circular pumpirgg.cic(t) = const, whereas
) ] ) . ) for “X” and “Y” linear pumping c,:x(t) = c,:v(t). These latter
The time evolution for Y pumping can be described in a quantitiesc,:x(t) and c,.(t) are not equal because they make

Zi;?ilgr wsy Est’ was ,ﬁ'gf_‘e for."X pum;t)ing. Thet ?t:ientat.i:)r(ljal different contributions to the measured susceptibility element
iffusion back to equilibrium will serve to reorient the excited- :
state molecules a?wa from théaxis to achieve isotropic ZiaiD. However, in all casesy(t) = Cyare(t) = Cox(V) = Cov (1)

. o Y o P because the projection of the molecular orientatioonto the
orientation in theX—Y plane. The remaining ground-state

lecules likewi ient back d thexis wh h incident electric field is identically sf9 for all of these
molecules likewise reorient back towar xis where there pumping polarizations.

is a deficiency of ground-state molecules. Adding excited states™ 1,4 in-plane orientational dynamics may be isolated from
into the X-axis and ground states into tiveaxis will serve 10 g gyt-of-plane orientational dynamics by noting that the out-
decrease the SH signal. of-plane componenty is identical for both X and Y pumping
Since 2 = % for a molecule with uniaxial symmetry  (see eqs 6 and 7). This component may be factored out by using
(section 2.2), the change j}2, with time due to orientational  the ratio
motions should be identical to that gf. The descriptions of
I . ZI) I. =X . Pt . Aszxx(t) B AszxY(t) _ [C(p:X(t) B C@:Y(t)] Co(t) _
the dependence qﬁxxto circularly polarized pumping (section = =
2.5.1) and to linearly polarized pumping (section 2.5.2) are Alax (O + Mty (1) [Cx(O) + iy (D] C(0)

identical to those foy?. It was verified experimentally that Cox(t) = Cpy ()
the kinetics of C314 at the air/water interface were the same + (14)
2 2 Cox(t) + Cpy (1)
for the x2, and 52, elements. o . . o
2.6. Isolation of In—Plane Orientational Dynamics. The This yields an expression which only contains in-plane

in-plane orientational dynamics can be isolated from the out- ©rientational components and which can be used as a phenom-
of-plane orientational dynamics without a specific model of enological representation of the in-plane orientational dynamics.
orientational diffusion at the interface if the time-dependent
excited- and ground-state distributiop@,p;t) are separable
in anglesd andg. That s, if o(0,¢;t) = pa(6;t) pe(e;t). In terms The probe molecule chosen for this study was coumarin 314
of eq 10, the equilibrium distributiop(6,¢;t<0) and the time (C314) (Figure 1A). C314 was obtained commercially (Acros)

3. Experimental Section
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and used without further purification. All solution concentrations
were measured by UV/vis spectroscopy. The solution pH was
6.5.

C314 is a water-soluble ester that is surface active. It was

found from surface tension measurements that the surface excess

of C314 did not exceed X 10'® molecules/crh at the bulk
saturation concentration of 3tM. Experiments were typically
run at a 28uM bulk concentration to maximize signal. No
change in dynamics was observed with:@ bulk concentra-
tion. This indicates that energy transfer and dimerizations were
not factors in these experiments. C314 is ideal for SH

spectroscopy using femtosecond Ti:sapphire lasers since the

electronic origin provides a strong two-photon resonance
enhancement to the SH from an 840 nm fundamental probe.
C314 has an extinction coefficient of 45000 L/M cm which
allows for substantial excitation by a low-power pump. The
ground-state recovery time of C314 in bulk water was measured
to be 4.7 ns by time-correlated single photon counting.

The TRSHG pumgpprobe setup is shown in Figure 2. A
regeneratively amplified Ti:sapphire laser (Clark MXR) was
used to generate 1 mJ energy, 100 fs long duration, 840 nm
wavelength pulses of light at 1 KHz. The pump excitation light
at 420 nm was obtained by frequency doubling the fundamental.
The 500 nJ pump was focusegl b 1 mf.l. lens and directed
to the sample at normal incidenaed 1 mmdiameter spot for
the orientational measurements. The pump intensity was at all
times well below saturation. A half-wave plate followed by a
quarter-wave plate (both zero order quartz at 420 nm) were use
to control the polarization. The linear polarizations were verified
to be better than 300:1.

Part of the fundamental beam served as the probe beam. Th
probe was sent through a half-wave ptapmlarizer attenuater
and then focused onto the sampled1 mf.l. lensb a 1 mm
spot diameter. The probe incidence angle w&sfithn normal.
The polarization of the probe and the setting of the analyzer
could be varied to select the desired tenser elemepf?bfA

colored long-wave pass glass filter was placed in the probe beam

immediately before the sample to block any spurious source of
SH.

A polarizer was used to analyze the SH signal of the desired
element ofy®@. Finally, a colored short-wave pass glass filter
was used to block any remaining fundamental, and the SH was
focused into a 1/4 m monochromator (Jarrell Ash) and detected
by a photomultiplier tube (R4220P, Hamamatsu). The signal
from the PMT was averaged by a box car gated integrator (SRS)
with a typical effective time constant of 300 ms. Laser stability
was excellent€1% shot to shot) so that shot-to-shot normaliza-
tion was not necessary. The box car signal was digitized by a
computer A/D board (National Instruments), and the SH was
recorded as a function of pump delay by the computer (Apple

polarization.

A shallow Teflon beaker was used to contain the C314
solution. This beaker was rotated at 1 rpm with the probe spot
1 cm off axis in order to minimize any heating or other
photoinduced process in the pump/probe region of the surface.
No sample degradation was observed. The kinetics obtained
upon reduction of power by 50% were identical.

4. Results and Discussion

4.1. Out-of-Plane Orientational Dynamics.The circularly
pumped TRSHG kinetics for the out-of-plane orientational
motion of coumarin 314, 2@M, at the water/air interface is

Macintosh). Typically, 40 data sets were averaged at each pump.f
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Figure 5. Circularly polarized pumping showing only the out-of-plane
orientational motion of coumarin 314, 26/, at the water/air interface.
The 420 nm pump was circularly polarized incoming normal to the
interface. The probe was at 840 nm. The normalized second harmonic
electric field at 420 nm for the elemejaﬁ)X is plotted vs pump delay.
The dashed line is a fit to a single exponential plus baseline giving an
out of plane decay time of 35 20 ps. The remaining-15% bleach
after 1000 ps is the electronic ground-state recovery.

d840 nm, 80uJd, at 70 from normal, linearly polarized at 45

The normalized second harmonic electric field at 420 nm,

analyzed at 90(x'2), is plotted vs pump delay. The amplitude

of the electric field is the square root of the intensity. The dashed
line is a fit to a single-exponential plus baseline giving an out-
of-plane decay time of 35& 20 ps. The signal-to-noise of the
data was excellent, and the error in all fits is estimated to be
less than 5%.

The TRSHG kinetics recover fron= 0 tot = 1 ns as the
out-of-plane orientational motion redistributes the pumped C314
ensemble to the equilibrium orientational distribution. The
remaining baseline of 15% bleach aftert 1000 ps is the
electronic ground-state recovery. Although the equilibrium
orientational average has been regained, the population must
still recover with the interface excited-state lifetime. While not
shown, the C314 air/water interfacial ground-state recovery
lifetime was fit from longer time scans to be 4.5 ns, similar to

the bulk value of 4.7 ns, indicating that neither solvent friction

nor interface polarity significantly affects the excited-state
lifetime the coumarin.

4.2. In—Plane Orientational Dynamics. The results of X
and Y linearly polarized pumping are shown in Figure 6. Except
or the pump polarization, the experimental conditions are
identical to the circularly pumped case. Special care was taken

to ensure that the pump energy was identical for both polariza-
tions. The X pump decay was a fit to a single exponential plus

baseline giving a decay time of 32015 ps. The Y pump decay

was fit to a decay time of 46 15 ps. The baseline 15% bleach

after 1000 ps is the electronic ground-state recovery, which, as
predicted, is identical in amplitude to the circular polarized
result.

The exponential fits shown in Figure 6 are included to
illustrate that the differing dependence @g(t) to X and Y
linearly polarized pumping yields experimentally different
kinetics. The X and Y decay times are not the in-plane decay

shown in Figure 5. The pump was circularly polarized incoming time alone but include an out-of-plane contribution. Because

normal to the interface at 420 nm, 100 nJ. The probe was at

of the differing contributions of the in- and out-of-plane
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Figure 6. X (bottom) and Y (top) linearly polarized pumping showing

the contribution of the in-plane orientational motion of coumarin 314
at the water/air interface to the TRSHG decay. The 420 nm pump was 0.05
circularly polarized incoming normal to the interface. The probe was B SFG 1,=564148ps
at 840 nm. The normalized second harmonic electric field at 420 nm 0.00

for the elemenx(fz)xis plotted vs pump delay. X pump: the dashed line 005 U\

is a fit to a single exponential plus baseline giving a decay time of 320 T T J T !

+ 15 ps. Y pump: the dashed line is a fit with a decay time of 460 ’ 200 s ) £ £

15 ps. The remaining bleach after 1000 ps is the electronic ground- ) ) . .

state recovery, identical in amplitude to the circularly polarized result. Figure 7. (A) SHG: relative decay of anisotropy illustratifg-plane
@ orientational motion alone, factoring out out-of-plaheomponents,

as derived from the second harmonic detected X and Y linear pump
data (see Figure 6). The ratidf @y (1) — Ar 2 OV AZZ 1) +

0.10

(A BXABXHAX, Y

components, the data should not in principle be single expo-

nential decays. However, because the in- and out-of-plane tIr‘OeAX(XZZ)Xx(t)] in eq 14 is plotted vs pump delay. The dashed line through
cqns_tants are SL.IﬁICIently CIO.S?’ they appear to be eXponent'althe data is a fit with a time constant of 68040 ps. (B) SFG: relative
within the experimental precision. decay of anisotropy illustratinigp-plane ¢ orientational motion alone,
The X, Y, and circularly pumped data all recover to the same factoring out out-of-plane#® components, as derived from the sum
SH signal by 1000 ps. This indicates, as expected, that regardles#equency detected X and Y linear pump data (see text). The ratio
of the initial photoselection due to pump polarization, the same [Axaux(t) — Axoyy OV Ax o« + A72, (D] in eq 14 is plotted vs
equilibrium orientational distribution is reached. As a further PUmMPp delay. The dashed line through the data is a fit with a time
check on the consistency of this treatment, we note that one constant of 56Gk 50 ps.
can show that the average of the kinetic curves for the geometry were the same as the SH experiment.. The SFG
X-polarized experiment and the Y-polarized experiment should susceptibility element?, (ws, w2, 1) detected in this experi-
be precisely equal to the circularly polarized kinetic curve. This ment had the same orientational dependence as the SH element
is precisely what we obtain; namely, the average of the X and ,@ (), w,, w,). Therefore, the SFG detected kinetics of C314
Y decay curve has a recovery time of 36515 ps, whichisin  at the air/water interface should be identical to the previous SH
good agreement with the circularly polarized experiment result detected kinetics. This is indeed what was found. Figure 7B
of 350 & 20 ps. shows the in-planep orientational motion given by eq 14,
The in-plane orientational dynamics were separated from the factoring out out-of plan® components, as derived from the
out-of-plane dynamics by the method described in section 2.6. SFG detected X and Y linear pump data. The dashed line
The relative decay of the in-plane anisotropy given by eq 14 is through the data is a fit with a time constant of 56060 ps,
shown in Figure 7A. This figure illustrates thim-plane giving excellent agreement with the value fit from the SH data
orientational motion with the out-of plane components factored of 600+ 40 ps. The out-of-plane decay time (not shown) was
out. The dashed line through the data is a fit to an exponential 340 + 20 ps, also in good agreement with the SH result. The
decay with a time constant of 668 40 ps. SFG experiment provides confirmation that the in-plane orien-
We have performed additional pumprobe experiments on  tational decay time is in fact slower that the out-of-plane
C314 at the air/water interface using sum-frequency generationorientational decay time for C314 at the air/water interface.
(SFG) detection. The SFG experiments are beyond the scope 4.3. Discussion.The bulk water isotropic orientational
of the current work, except that as a test, the orientational motion diffusion time for a coumarin with nearly identical hydrody-
of C314 at the air/water interface was detected by SFG for X namic volume is 100 p¥ However, for C314 the out-of-plane
and Y linearly polarized pumping. In a sum-frequency experi- relaxation time of 350 ps and in-plane relaxation time of 600
ment, the signal is generated from the mixingwb space and ps are both over a factor of 3 slower than the rotations of a
time coincident probe beams. The signal frequemgyis the comparable coumarin in bulk water. The data show that the
sum of the two input frequencies, andw, such thatws; = w> interfacial motions of C314 experience more friction than in
+ wi. For the orientational SFG experiment, the probe the bulk. These results for C314 are similar to the previous
wavelengths were chosen to be 840 and 420 nm, and the signatesults on Rh6G where the interfacial out-of-plane motions were
wavelength was 280 nm. The pumping polarizations and likewise slower than the bulk orientational diffusion of Rh8G.
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We are currently developing a model relating the restricted ps. The out-of-plane reorientation time constant is 35Q0
surface orientational motions as measured by TRSHG to theps. The surface reorientation times are®times slower than
bulk isotropic orientational diffusion. It is possible that the the bulk isotropic orientational diffusion time. The orientational
TRSHG measured kinetics of restricted motions are related by motion of C314 is consistent with earlier results on rhodamine
a different factor to the bulk orientational diffusion constant 6G at the air/water interface which indicated increased interfacial
than the experimental methods that measure orientationalfriction for these adsorbates compared with bulk aqueous
diffusion times in the bulk. Note that this in no way affects the solution.
comparison of in- and out-of-plane motion from TRSHG data
alone, only the comparison to bulk results.

Our measurements indicate that the in-plane reorientation time
for C314 at the air/water interface is slower than the out-of-
plane reorientation time. This result is consistent with the idea
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