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Effect of Solute Orientation on Solvation Dynamics at the Air/Water Interface
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The ultrafast solvation dynamics of courmarin 314 (C314) molecules at the air/water interface has been shown
to depend on their orientation with respect to the plane of the interface. A pump/second harmonic probe
method using femtosecond laser pulses were used to measure the interface solvation dynamics. The pump
light was S polarized, i.e., in the interface plane, or P polarized, i.e., in the plane perpendicular to the plane
of the interface. The S pumped C314 molecules yielded a solvation time of &IDfs, whereas P pumped
yielded a solvation time of 1215% 90 fs. The interface inhomogeneous broadening on the solvation time
scale is due to the differing orientations of C314 at the air/water interface.

Introduction is a form of pump-probe spectroscopy where surface solute
molecules are first excited by an optical pump pulse and then
'’ monitored by detecting the second harmonic generated by a
time-delayed optical probe. The SH signal can be strongly
enhanced by being two photon resonant with an electronic
transition, in this case the;SS transition. The strategy to
detect orientationally dependent solvation is to excite thes
transition of the C314 molecules with eithee P or Spolarized
pump pulse. The photoexcited C314 dipole moment increases

of second harmonic spectroscopy, we have a method that isby ~4 D relative to the ground state. The change in the SH
surface specific and makes possible the study of dynamics atprobe signal is then monitored as the 5 transition energy

interfaces. We have recently demonstrated that second harmoni changes as the solvent reorganizes about the excited molecules.
: ) V y ni umping wih a P polarized pump will preferentially excite

g?ggg?nt'oﬂn%';fz ég; 4t;e ?S?\da'[icr)/vc\)/gierr\i/rit?fzggivt?wtilgn 2yn?m'csmolecules with transitions that are oriented out-of-plane (stand-
0 at ) t'a ? f th N ff et f ’ lut P tpef ing up). Pumping with an S polarized pump will preferentially
we report on our investigation of the etiect of SOlule INTeNace o, ¢ite'molecules whose transition are oriented more towards

orientation on the dynamlcs_ of solvation. . the in-the-plane (lying flat) configuration. Different solvation
Because th? forces experl_enceq by the solute at the mterf_acetime constants for S and P pumping would indicate orienta-
are asymmetric, the electronic excited state solvation dynam'cs'tionally dependent solvent interactions

as well as the solute transition energies, can depend on the While th i lut lecules b dth ¢
orientation of the solute. It is possible that C314 molecules at 1€ the pump excites solute moleculés beyond the surtace,
the TRSHG technique only monitors the interfacial solute

the air-water interface that have a large out-ot-plane afgle o1 1o que to the surface specificity of SH, which results
(horizontal) could be more strongly solvated and therefore red from the fact that SH is electric dipole forbidden by symmetry

shifted relative to those with a smaller out-of-plane angle . ¢ tic bulk medig.onlv th b lecul
(vertical). The dynamics of water motion around differently In centrosymmetric bulk mediat.Lnly those probe molecules
present at the interface where inversion symmetry is broken

oriented solutes could differ as well. . .
can contribute to the SH signal.

It has been shown that the asymmetric forces at an interface . . ) .
can have a large effect on the orientational distribution and Solvation describes the influence of the solvent on the relative

rotational dynamics of a soluté-18 For C314 at the air/water energies of the electronic states of molecules, which thereby
interface the out-of-plane ground-state distribution was measured@ffect the electronic absorption and emission spectra. The
by the null angle techniqué.Assuming a narrow distribution ~ 9round-state gof cooumarln_314_ has a large permanent dipole
of angles the orientation of theySS; transition axis is found ~ moment of 8.2 ¥° Water is highly polar, and initially, the
to be peaked at about 8rom the normal’ We have used neighboring solvent molecules are organized in a way to
time resolved surface second harmonic generation (TRSHG)Minimize the energy of the ground state of C314. Upon
to study the rotational motions of C314 at the air/water interface €xcitation, the dipole moment of C314 instantly increases by
and found that the out-of-plane rotation time (350 ps) was about 4 D?! However, the solvent shell is still in a configuration
substantially different from the in-plane rotation time (6003s).  détermined by the less polar ground states. Following the
In the present study, therientationally dependerdynamic photoexcnatl(_)n, the water rapidly reorganizes in response to
solvation of C314 at the air/water interface was investigated the Iarg_er dipole moment of excited state C314'. thereby
by time resolved surface second harmonic generation. TRsHgUecreasing the energy between the ground and excited states.
Traditional fluorescence experiments in bulk liquids have
*To whom correspondence should be addressed. Email: eisenth@ r€lated the time evolution of the solvent to the Stokes shift
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The solvation dynamics of molecules at a liquid interface
although an important aspect of adsobatelvent interaction,
particularly in charge transfer processes, has been relatively
unexplored in contrast to solvation in bulks liquids, which has
been extensively studiéd® Information on solvation dynamics
in an interfacial region has been obtained for molecules located
in micelles suspended in water and at a liquid/solid interface
using an evanescent wave mettot? With the development
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o(t) — w(e) moment of the solute is taken to be the reference axis of the
C(t) = m 1) molecule (see Figure 1 of ref 17).

The pump pulse excites an orientational subset of molecules
where thew(0), w(), andw(t) frequencies correspond to the  from the interfacial anisotropic orientational distribution, thereby
fluorescence emission maxima of the solute molecule im- altering the orientational average in eq 4. The probability that
mediately after excitation, at equilibrium, and at intermediate & specific ground-state orientation is excited is related to the
times as the transition energy evolves as the solvent relaxessquare of the pump electric field projected onto the solute

There have been several measurements of the solvationtransition dipole moment. The probe SH susceptibility at time
dynamics in bulk water using conventional time-resolved tis given by
fluorescence methods. Measurements using 7-dimethylamino- )
coumarin-4-acetate yielded bi-exponential decays with time 5%, ,(©;t) = (N — Ngzm{ﬁnafé)%(wﬂ)g(pors)—i-
constants ofr; = 160 fs andr, = 1.2 ps, with an amplitude ik @ _
weighted average solvation time@{(= 860 fs* Measurements Nez Er:mnalmne(wie -t)Q(PorS) (4)
using coumarin 343 yielded time constantsrpf= 250 fs and
7, = 960 fs, with an amplitude weighted average solvation time The right hand term in eq 4 contains all of the polarization
of [3{}= 610 fs® More recent measurements on C343 with better dependent excited state solvation dynamics. The orientational
time resolution beyond our instrument resolution show an average selected by the pump is denoted by “P” or “S” in the
additional sub 100 fs componehtC343 is structurally very  orientational average. The number density of excited molecules
similar to C314 having the ethyl ester group in C314 replaced is N and the total number density of adsorbates is N. The C314
by a carboxylic acid group. does not reorient nor decay on the time scale of excited-state
There are two possible methods to rel@fg to experimental solvation, which means that the orientational distribution and
measurements of the time dependent SH signal. A sequence oN, are constant’! The change in SH with solvation is due to
SH measurements gf?)(t) taken at many wavelengths could the change in resonance of-S, with the second-harmonic
be used to spectrally reconstruct the time dependent SHlight, which reduces the magnitudes of the hyperpolarizability

spectrum and extraab(0), w(w), and w(t) to computeC(t) flﬁl) (0,0;1).
directly. In the second method a single probe wavelength is |fthe adsorbate molecule has uniaxial symmetry, there is only
selected for whichy(@Xt) is directly proportional taC(t). This one microscopic hyperpolarizability element in the ground and

linear wavelength method relies on a linear relationship between gy cited states. and the macroscopic elemgﬁ);sandx(z) have

. 1 ZXX
the magnitude of the SH response at the chosen wavelengthhe same orientational average. Previous measurements show
and the solvation coordinate (see Figure 2 of ref 13). The linear in4t the orientational and solvation dynamics for C314 at the

wavelength procedure has been shown to work very well girpyater interface are the same for these two elements, i.e.,

yielding bulk solvation kinetics within 1:620% of the spectral @ — . 1317 Gince the onlv strona SH resonance enhance-
reconstruction methot22 Koxax == Xaxe y g

ment for C314 is the two photon resonance of the ground S
and lowest excited state;Sve make the approximation that
C314 is a two level system. Furthermore, we make the
Elements of the theory of the measurement of interfacial approximation that the C314 has uniaxial symmetry where the
electronic excited state solvation dynamics by time-resolved hyperpolarizability elements are(é)c (w,0) for ground state
second-harmonic generation (TRSHG) have been presented,nqq@ (4,0:t) for the excited state.
previously? The second harmonic signal field generated at the Théggeecond harmonic spectral line shape can be expressed
interface is proportional to the square root of the experimentally py herturbation theory assuming a simple phenomenological

measured intensityg(2w) = +/1(2w). The SH field is propor-  pure dephasing function. The excited-state hyperpolarizability

Theory

tional to the induced second order nonlinear polarizatig@qw) a(CZ@)Z (w,0;1) is time dependent because the-S S transition
0 P@(2w). The SH polarizations with componeritg, andk, energywed0;t) changes as the water reorganizes around the

referring to the laboratory axes, can be written as the probe gxcited state dipole. The hyperpolarizability is given by,
electric field acting twice multiplied by the second-order
nonlinear susceptibility,
ag?ge(w,e;t) O - Hodle .
Pi2w3t) = ¥;(20,0,0;)E (0)Ey() ) (@ef0:1) = 20 + T

(®)

where the subscripts j, k are determined by the polarization ~Whereguge is the transition dipole matrix element between the
of the analyzed SH and probe fundamental. The surface secondground and excited statEgeis the line width for the transition,
order nonlinear susceptibility tensor for an ensemble of solutes @nd o is a collection of time independent terms. Initially the
at the air/water interface can be expressédds hyperpolarizabilities are equal in magnitude but opposite in sign,

0@ = _®@
; € Ch
@ (ed=NY Tk a@ (w,0)0 (3)
~ ik z fmnAmn Experimental Section
where T is the direction cosine matrix that transforms the  Coumarin 314 was obtained commercially (Acros) and used

laboratory framei( j, k) into the molecular framel,(m, n), N without further purification. The 3@M C314—water solution

is the number density of molecules at the interfazﬁn(w,e) was at pH 6.5 and the temperature at’23 which is the same

is the interfacial molecular hyperpolarizability for them, n as the experimental conditions in the previous repoithe
axes, and IJdenotes the orientational ensemble average. The water was doubly distilled and dionized.

hyperpolarizability depends on the probe frequeacgnd the The TRSHG setup is similar to the one described in refs 9

out-of-plane angle (there is no dependence on the in-plane and 10. A regeneratively amplified Ti:Sapphire laser (Clark
angle ¢ because of in plane isotropy). The transition dipole MXR) was used to generate pulses of about 100 fs duration, 1
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Figure 1. Orientational dependent dynamics of electronic excited-state solvation of coumarin 314 at the air-water interface for 840 nm probe (SH
at 420),y®,.celement. The pump was at 420 nm. (a) Pump polarization S (in-plane). The normalized change in SH field is plotted vs pump delay.
The line through the data is a fit to a single exponential giving a decay time of83Dfs. (b) Pump polarization P (out-of-plane). The normalized
change in SH field is plotted vs pump delay. The line through the data is a fit to a single exponential giving a decay time-pf02ft5

mJ energy at 840 nm, and at a repetition rate of 1 Khz. The Part of the fundamental beam served as the probe beam. The
pump excitation light at 420 nm was obtained by frequency probe was sent through a half-wave plapmlarizer attenuator
doubling the fundamental. A 500 nJ pump pulse was focused and then focused onto the sample by a 20 cm focal length lens
by a 20 cm focal length lens to a 5@0n diameter spot size at  to a 400um spot diameter. Both the pump and the probe were
the interface. The pump intensity was at all times well below directed to the sample at an angl€ T®m normal. The pump
saturation. A half-wave plate followed by a quarter wave plate and probe beams were separated by a small angle, approximately
(both zero-order quartz at 420 nm) were used to control the 5°, to ensure maximum temporal resolution. The polarization
polarization. The linear polarizations were verified to be better of the probe and the setting of the analyzer could be varied to
than 300:1. select the desired tensor element@t. A colored long-wave
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pass glass filter was placed in the probe beam immediately solvation dynamics to a shifting of the spectral envelopes of

before the sample to block any spurious source of SH. A the S vs P pumped molecules.

polarizer was used to analyze the SH signal of the desired

element ofy®. Finally, a colored short-wave pass glass filter cgnclusion

was used to block any remaining fundamental, and the SH was

focused into &/, m monochromator, detected by a photomul- An orientational dependence of excited-state solvation dy-

tiplier tube (R4220P, Hammatsu), and signal averaged by anamics of coumarin 314 (C314) adsorbed at the air/water

computerized systeA®:1” Typically 40 data sets were averaged interface was observed by femtosecond time-resolved surface

at each pump polarization. second harmonic generation. The second harmonic response to
excited state solvation was measured for the probe fundamental
Results and Discussion at 840 nm with two pump polarizations (S and P). The more

horizontally oriented S pumped distribution solvation decay time
The orientation dependent excited-state solvation dynamicswas 820+ 60 fs. The more vertically oriented P pumped
of 30 M coumarin 314 at the air/water interface for & distribution solvation decay time was 123590 fs. The results
element probed at 840 nm (SH at 420 nm) are shown in Figure indicate that the solvation environments of C314 at the air/water
1. The normalized change in SH field is plotted vs. pump delay. interface depend on the out-of-plane orientation of C314 or
The top curve (dotted) shows the decay for S-polarized pumping. equivalently that the S8S1 spectrum is inhomogeneously

The line through the data is a fit to a single exponential giving proadened on the solvation time scale due to the different C314
a decay time of 82& 60 fs. The bottom curve (dashed) shows qrientations at the air/water interface.

the decay for P-polarized pumping. The line through the data
is a fit to a single exponential giving a decay time of 1245
90 fs. The sum frequency cross correlation of the pump and

the probe having a fwhre= 180 fs is shown to illustrate the Department of Energy for their support and the National Science

temporal re§olut|on. S Foundation for equipment support and Elsa C. Y. Yan for her
Two physical processes that could result in differing S and zggistance.

P polarized pumped TRSHG solvation dynamics are the
following. First, the static electronic transition energies of C314
could depend on the out-of-plane orientation of C314 at the
air/water interface. The center frequency of the SH excited state (1) maroncelli, M.; Macinnis, J.: Fleming, Gciencel989 243 1674.

spectral line shape (given bgt(é)ge(a),@;t) in egs 3-5 will (2) Barbara, P.; Jarzeba, \Wdv. Photochem199Q 15, 1.

depend on whether the pump was S or P polarized. Itis possible (3) Kahlow, M.; Kang, T.; Barbara, B. Phys. Chen.988 88, 2372.
that the more vertical (P pumped) excited state C314 molecules 4y jarzeba, W.; Walker, G.; Johnson, A.; Kahlow, M.: Barbaral, P.
could be blue shifted in comparison to the more horizontal (S Phys. Chem1988 92, 7039.

pumped) molecules. If we consider a dipole oriented parallel  (5) walker, G. C.; Jarzeba, W.; Kang, T.; Johnson, A.; Barbard, P.
(in-plane) to a dielectric with one oriented closer to the Opt. Soc. Am. B99Q 7, 1521.

perpendicular (out of plane) then in the continuum dielectric (6) Jimenez, R.; Fleming, G.; Kumar, P.; Maroncelli, Nature 1994
description the parallel dipole would be at lower energy than 369 471.

the more perpendicular oriented dipole. Because the observed (7) Zhang, J.; Bright, FJ. Phys. Chem1991, 95, 7900.

dynamics is dependent on where in the spectral envelope the (8) Cho, C.; Chung, M,; Lee, J.; Nguyen, J.; Singh, S.; Vedamuthu,
dynamics is being monitored the S and P pumped molecules™- Y20 S.; Zhu, J.; Robinson, G. W. Phys. Cheml995 99, 7806.
could yield different solvation time constants. We calculate that ___(9) Mittleman, D.; Nuss, M.; Colvin, VChem. Phys. Letil997 275

a shift of only 5 nm between the S and P pumped spectral =

.. . (10) Willard, D. M.; Riter, R. E.; Levinger, N. EJ. Am. Chem. Soc
envelopes would be sufficient to account for the different ;456750 4157

solvation times. ) ] (11) Sarkar, N.; Datta, A.; Das, S.; Bhattacharyya, JKPhys. Chem.
A second physical process that could be responsible for the 1996 100, 660.

observed difference in the S vs P pumped solvation dynamics (12) Yanagamachi, N.; Tamali, N.; MasuharaGthem. Phys. Letf.993
measured at 840 m would be differing motions of the water 201 115.

molecules surrounding the “in-plane” vs “out-of-plane” oriented ~ (13) Zimdars, D.; Dadap, J.; Eisenthal K. B.; Heinz, TGhem. Phys.
coumarin molecules. This would imply that the solvation Lett 1999301 112.

motions of the water solvated around the more horizontal (S __(14) Heinz, T. F.; Tom H. W. K.; Shen, Y. Fehys. Re. A 1983 28,
pumped) distribution of C314 are faster in comparison to the . . ) .

more vertical (P pumped) distribution. However, this possibility goy(é%)o_H'CkS' J. M. Kemmitz, K.; Eisenthal, K. 8. Phys. Chemml.986
Seems to t.)e less Il.kely than differing excited S.tate SpeCt.ra (16) Castro, A.; Sitzmann, E.; Zhang, D.; Eisenthal, KJIBPhys. Chem
causing a difference in the S and P pumped dynamics. Solvation;gg1 95 6572

dynamics are due to solvent-solvent interactions and bulk (17) Zimdars, D.; Dadap, J.; Eisenthal, K. B.; Heinz, TIFPhys. Chem.
measurements do not strongly depend on the probe sBlute. B 1999 103 3425.

Furthermore second harmonic measurements of interfacial (18) Eisenthal, K. BAcc. Chem. Re<.993 26, 636.
solvatochromism suggest that the solvation effect is long range,  (19) Heinz, T. F.Nonlinear Surface Electromagnetic Phenomena
which if applicable to the interface solvation dynamics would Ponath, H., Stegman, G. Elsevier: Amsterdam, 1991.

suggest that the solvent motions of the water molecules beyond (20) Moylan, C. RJ. Phys. Chem1994 98, 13513.

the first shell are of major importance in the dynanf&3hus (21) Maroncelli, M.; Fleming, G. RJ. Chem. Phys1987 86, 6221.
the water motions responding to the change in the C314 dipole  (22) Maroncelli, M., 1999. Private communication.

moment would be similar for the in vs. out of plane molecules.  (23) wang, H.; Borguet, E.: Eisenthal, K. B. Phys. Chem. B998§
We thus attribute the difference in the S pumped and P pumped102, 4927.
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