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The static absorption and ultrafast solvation dynamics of a tricarbocyanine dye IR144 at the silica/acetonitrile
and the silica/butanol interfaces were investigated by using steady-state second harmonic generation (SHG)
spectroscopy and pumjprobe time-resolved SHG (TRSHG) experiments. At both interfaces, the peak
wavelength for the §— S, transition of adsorbed IR144 is significantly red-shifted with respect to the maximum
absorption wavelength in the corresponding bulk solvent. Because IR144 is negatively solvatochromic, this
shift is indicative of a smaller polarity at the interface. A theoretical model of TRSHG is discussed which
allows extraction of the solvation dynamics correlation function from the time dependence of the TRSHG
signal measured in the pumprobe experiment at a chosen probe wavelength. The time constant for the
diffusive component of solvation at the silica/acetonitrile interface was found to be#1.034 ps. It is
somewhat shorter, although of the same order of magnitude, than the time constant for the diffusive solvation
in bulk acetonitrile, 2.23 ps. At the silica/butanol interface, a time constant of#.2A5 ps was extracted,
whereas in the bulk butanol, the corresponding diffusive solvation is biexponential with times of 3.5 and
33 ps.

1. Introduction straightforward because the observed signal would be over-
whelmed by the bulk contribution, and so extraction of the

Physical and chemical properties of solid/liquid interfaces . . L A
have been a subject of long-standing interest because of theitjnterfaual solvation information is difficult. One approach to
deal with this difficulty is to turn to the second-order nonlinear

importance in both fundamental sciences such as electrochem-o tical spectroscopic techniaues. All of the nonlinear optical
istry,! surface sciencé,and biochemistry and practical ap- P P P ques. P

plications such as solar energy harvestifgany aspects of techniques fpr bglk-phase solvat!on studies mentloned gppve
the interfacial solvation process, such as equilibrium solvation can be described in terms of the third-order optical susceptibility,

: Ivatic _ @ which . > .
energies, dynamical time scales, and molecular mechanisms ar uli(vmé%?;\}vmilrzvgiz?girrgO%%rotir::c;?Ir']g?]ﬁ;\;e;:n 'rgésé(;tgzz'c
still unknown, although they are critical to address the funda- ' g+v op P

mental problems including stability of colloidglectron transfer are Egrbldden in the electric Q|pole approximation. quever,
at electrode$§,and molecular processes in biological pores and they processes are necessarlly_allowed at surfacgs or interfaces
membraned.Although it is one of the important properties of \g;:c:r? dthr?a:rr]r:/;:iséoneiﬁpa?ﬁgy ISSHt();OIi:ns’ui‘r;ieth;S gﬁ:‘cei’e?ﬁ
a solid/liquid interface, the solvation dynamics of species within nique?-27 SHG hasgbeen demoﬁlstrat()e dto be a uni ?Je techniaue
the interfacial region has been paid relatively little attention. ques= = - . d 4
Solvation dynamics usually proceed on an ultrafast (subpico- to investigate the absorption properties of probe molecules

second to picosecond) time scafé? and experimental studies agﬁg;gﬁgnat%.Lrger;fgé?ne;esﬁgée?o ii;?ggter;gem\?:rli%us
with the corresponding temporal resolution are required for the g ( ) pp

: ; 30
complete characterization of this process. In the past few years,dynamIcal processes at interfacé8:Recently, femtosecond

there have been several theoretical simulation studies on thelaser pulses in a pumgprobe setup were utilized to study

solvation dynamics of dipolar solvents near various kinds of ultrafast solvat|o_n dynamics at the air/watef and organic
solid surfaced!~13 Even fewer experimental studies have been surfactant/yvater interface.

reportedt4 mainly because of a lack of available techniques 1 RSHG is @ form of pumpprobe spectroscopy where solute
suitable for studies of solvation dynamics at interfaces. Such Molecules are first resonantly excited by an optical pump pulse

technigues must combine surface specificity with a femtosecond and then mc_)nitored by deézcting SHG generated from a_time-
time resolution. To investigate solvation dynamics in bulk delayed optical probe pulsé Although the pump may excite

media, many experimental techniques have been developed sucﬁOIUte t_)eyond the interface, the technique_ o_nly manitors the
as time-resolved fluorescence Stokes shift (TRESE)5-17 interfacial solutes due to the surface selectivity of SHG. As a
transient absorptiof® and nonlinear optical spectroscopic €Sult of resonant pumping, the dipole moment of the probe
techniques including optical Kerr effett}2! photon echo peak molecule changes accompanying the grourgiexcited (3)
shift,18.22-24 and transient grating} Although these methods state electronic transition. Because the excitation is sudden, a

proved to be very successful in probing the solvation dynamics nonequilibrium interfacial solvent configuration is induced; that

in the bulk, their application to studies of interfaces is not IS the solvent structure corresponding to the ground-state solute
now surrounds the excited-state molecule which has a different

tPart of the special issue “Howard Reiss Festschrift’. dipole moment. The subsequent relaxation of such a nonequi-
*To whom correspondence should be addressed. librium configuration lowers the free energy of the Sate.
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SCHEME 1 900 nm. In the TRSHG setup, probe pulses were split from the

COCH, output pulse train of the Ti:sapphire oscillator by a beam splitter,
whereas the transmitted pulses served as a pump beam. The
time delay of the probe pulse relative to the pump pulse was

I
N
[ ] CcH ‘ controlled by a computer-driven translation stage (Unislide,
CH, N ’ Velmex Inc.). A half-wave plate followed by a polarizer was
O ® 7 HC O placed in each of the pump and probe beams for controlling
CH==CH CH—CH= their polarizations. The pump beam polarization was 4%e
| pump and probe beams were incident at the silica/liquid interface
(CH,), S0y from the silica side, after propagating through a silica prism.
(C,Hy).NH* The incidence angle was 7@vith respect to the silica/liquid
surface normal, so that the total internal reflection (TIR)
condition was satisfied for both pump and probe beams. The
pump and probe beams are separated in horizontal plang by 5
Both beams were focused and overlapped at the surface by a

Silica was chosen to serve as the solid phase of the solid/_7'5 cm focal length lens. To ensure a spetially uniform pump
liquid interface because of its numerous practical applications, intensity at the sample, the_pump beam size was reduced_ by a
e.g., in various biochemical techniques, and the importance of {€/€SCope before the focusing lens. The pump beam waist at
the physical and chemical properties of the silica/liquid inter- e sample surface was20um, 1.5 times larger than the probe

faces such as adsorption, adhesions, and catalytic proprerties.beam size of 3um. The power in the pump beam was 200
Two solvents, acetonitrile and butanol, were used as liquid MW whereas the probe beam was 40 mW. Identical dynamics

phases to form silica/liquid interfaces. Acetonitrile was chosen Were obtained using 80 mW probe power. A colored long-wave
because it represents a typical polar aprotic solvent, whoseP2ss glass filter was placed in the probe beam immediately
solvation dynamics has been well characterized both experi- P€fore the sample to block any spurious SH radiation. The
mentally?1517.23and theoretically4~37 This allows for a direct _second harmonic signal generated by the probe_ beam at the
comparison of solvation dynamics at the silica/acetonitrile Interface was selected with an aperture placed just after the
interface obtained in this study with the results for bulk solvent. S@mple and collimated with another 7.5 cm focal length lens.
The silica/butanol interface was also involved in this study Selecting different components of thé tensor was made
because it may provide some general information about solvationPossible by an analyzét A colored short-wave pass glass filter
occurring at a protic solvent/silica interface. The probe molecule Was used to block any remaining fundamental light before the
in this study is a tricarbocyanine IR laser dye, IR144, whose SH signal was focused into a monochromatdy ity Digikrom,
molecular structure is shown in Scheme 1. Unlike other CVI). The detection system included a photomultiplier tube
commonly used probes of solvation such as coumarin deriva- (R4220P, Hamamatsu), a photon counter, and a computer.
tives, IR144 exhibits a pronounceegatie solvatochromism,  Typically an experimental curve is an average of more than 20
which means that the dipole moment of the excited state is data sets.
smaller than that of the ground state. The supporting spectro- The experimental setup for steady-state SHG spectrum
scopic evidence is presented in the Results section. IR144 hasneasurement involves two parallel beams: one of them was
been shown to be a good probe of the bulk-phase solvationused to generate SHG from the sample silica/solution interface,
dynamicg822-2438and can be extended to studies of interfacial whereas the other generated a reference SHG signal from a
solvation. The §— S; transition of IR144 in bulk solvents lies  silica/neat solvent interface. Identical optics (including half wave
in the 730-800 nm range, i.e., is covered by the fundamental plate, polarizer, lens, and silica prism) and liquid sample
wavelength of the Ti:Sapphire laser system. containers were placed in each arm. Achromatic 7.5 cm focal
In this paper, we report the combined investigation of both length lenses were used to focus each beam onto the surfaces,
the static spectra and the ultrafast solvation dynamics at two and two 7.5 cm lenses were used to collimate the SHG from
planar solid/liquid interfaces, silica/acetonitrile and silica/ the silica/solution interface (sample beam) and the silica/neat
butanol. The static spectra at the interfaces are measured usingolvent interface (reference beam). The use of a movable mirror
the steady-state SHG spectroscopy, and the TRSHG techniqueallowed detection of the SHG signal from either the reference
is used for the solvation dynamics measurements. The interfacialarm or the sample arm. The SHG spectrum of adsorbed solute
polarities for the silica/acetonitrile and silica/butanol interfaces, molecules was obtained by taking a ratio of the SHG signals
characterized by the spectral shift of the IR144 probe, are smallerfrom the silica/solution interface and the reference silica/neat
than the polarities of the respective bulk solvents, acetonitrile solvent interface at each wavelength. The use of the SHG
and butanol. The diffusive components of the solvation dynam- reference is important for obtaining a reliable surface spectrum
ics observed in our experiments at the interfaces are somewhatt silica/liquid interfaces because of the changes in laser
faster than the corresponding solvation components in the bulkintensity, pulse width, and the refractive index of silica as the
solvent. Possible mechanisms and interfacial interactions whichwavelength is tuned. Either acetonitrile or butanol can be used
may lead to the observed differences between the interfacialto form the reference interface, at which the SHG spectral

This is the so-called solvation process. Being a spectroscopic
technique, SHG is sensitive to this energy relaxation associated
with the solvation of the electronically excited stéte.

and bulk-phase solvation are discussed. response is flat because they are far off resonance in the
) _ wavelength region of 770900 nm. The total internal reflection
2. Experimental Section condition at the silica/liquid interfaces was satisfied in both static

The measurements of static SHG spectrum and TRSHG wereand TRSHG setups.
performed using a Ti:sapphire femtosecond laser (Tsunami 9060, The sample system in this study consists of IR144 solution
Spectra Physics) pumped by an*Alaser (BeamLok 2080, in acetonitrile or butanol contained in a Teflon beaker tightly
Spectra Physics), which generates 101100 fs laser pulses  covered with a silica prism, so that the liquid is in contact with
with a repetition rate of 82 MHz and is tunable from 770 to the silica surface. Prior to each measurement, both the sample
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Figure 1. Adsorption isotherm of IR144 at silica/acetonitri®@)(and Wavelength (nm)

silica/butanol M) interfaces, measured as the SH electric field as a rjgyre 2. Static second-harmonic spectra of IR144 at the silica/
function of the bulk IR144 concentration. Solid lines show fits to the  5ceonitrile interface. The solid circles are the normalized experimental
Langmuir model. SH intensity versus laser wavelength. The dashed line is the SH spectral
fit, described in the text, giving a spectral peak at 83 nm. The
beaker and the silica prism were cleaned by soaking in piranhasolid line is the bulk acetonitrile absorbance spectra of IR144 in a 0.5
solution (concentrated430,/H,0, = 2:1) for 40 min., followed mm fused silica cell. The bulk absorbance peak is 738 nm. The bulk
by thorough rinsing with double distilled water, methanol, and concentration of IR144 was 38\ for both_ spectra. Arrow shovx_/s the
then the sample solvent (butanol or acetonitrile). IR144 (Exci- ProPe laser wavelength (774 nm) used in the TRSHG experiments.

ton), acetonitrile, and butanol (Aldrich Chemical Co.) were used 12 -

as received. ] . iSri:;?glzgtanol
Adsorption of IR144 dissolved in the bulk solvents to the 1.o_§ Bulk L 6000

silica surface was characterized by recording the resonantly butanol .

enhanced SH field as a function of the bulk concentratfon. 084 =

The resulting Langmuir adsorption isotherms presented in Figure 3 g

1 show saturated monolayer formation at bulk IR144 concentra- é 0.6 TRSHG [ 2

tions above~3 mM. The reported static SH spectra and TRSHG £ 3 wavelength g

measurements were performed at the bulk IR144 concentration 0.4 g

of 35 uM in both acetonitrile and butanol, which corresponds F 2000z

to ~¢ of the saturated monolayer. It was verified that the SH 023

spectra and the solvation dynamics do not change upon

increasing the bulk IR144 concentration by a factor of 2. oo4 e 0
Orientation of the §— S; transition dipole of IR144 with 650 700 730 800 830

respect to the interface normal was obtained using the null angle Wavelength (nm)

techniqué® modified to take into account the Fresnel factors Figure 3. Static second-harmonic spectra of IR144 at silica/butanol
for the TIR geometr§t used in our experiment. At both studied interface. The solid circles are the normalized experimental SH intensity
interfaces, the transition dipole is nearly perpendicular to the Versus [aser Wavelen.gth.. Th.e two peaks are located at 790 and 860 nm
surface. This indicates that the IR144 molecules lie almost “flat” "€sPectively. The solid line is the bulk butanol absorbance spectra of

on the surface because the transition dinole is perpendicular toIR144 in a 0.5 mm fused silica cell. The bulk absorbance peak is 762
u u i Ipoie IS perp Icu nm. The bulk concentration of IR144 was 3B for both spectra.

the longest axis of IR14%. Arrow shows the probe laser wavelength (774 nm) used in the TRSHG
To minimize heating and other photon-induced processes in experiments.

the pump and probe overlap region at the interface, we ) . . .

maintained a low incident laser power and circulated the solution , 1€ SHG intensitysyis proportional to the squared modulus

with a stirring bar at~120 rpm. Under these conditions, no of the second-order nonlinear suscept|b|J¢f§_), w_hmh includes

evident sample degradation was observed. The absorption and°th the resonant and nonresonant contributions:

fluorescence spectra of IR144 in bulk solvents were measured @ @ @ @ 2

with Perkin-Elmer Lamda 19 spectrometer and Spex Fluorolog 's#e{@pd U [Xsovent ™ Zsiica T Xir144,nR T XiR144,RESWp) |

F212 fluorescence spectrometer. All experiments were con- 1)

ducted at ambient temperature of approximately 297 K. @ @ @ .
In eq 1, the termggoen Xsiica @NdXiR144 nr FEPIESENT CONLYi-

butions from states far off resonance for neat solvent, silica,
and adsorbed solute IR144 and therefore have a weak depen-

3.1. Static SHG SpectraSteady-state SHG spectra of IR144 dence on the probe frequenay,. The termy(2;,, resdenotes
at the silica/acetonitrile and silica/butanol interfaces are plotted the resonant contribution from IR144. Within the wavelength
in Figures 2 and 3, respectively. For IR144 adsorbed at the silica/region of interest (i.e., 770880 nm), it is likely dominated by
acetonitrile interface, the SHG spectrum exhibits a single band @ one-photon resonant process which results in the ground state
peaked at~800 nm, which can be attributed to a one-photon (So) to first excited state ($ transition and can be expressed
resonance with the,S— S, transition. Dashed line shows the using perturbation theory and a simple two-state model as
fit of the data to a resonant SHG modglpriefly described described in refs 43 and 44. If the three nonresonant terms (i.e.,

below. 2 vem 15 andy{R4a e are combined to one term, repre-

3. Results
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900 + liquid interfaces is simply an arithmetic average of the two bulk
. phase polaritie$? this simple empirical rule cannot be extended
1 Fluorescence . . . .

850 . to the strongly interacting interfaces such as silica/butanol or

silica/acetonitrile. Interactions such as H bonding of the solvent
molecules with the silanol groupsSiOH of the silica surface
may strongly perturb the local solvent structures at the interface,
making the local polarity different from what would be expected
based on the polarities of the bulk phases.

Unlike the SHG spectrum of IR144 at the silica/acetonitrile
interface, the SHG spectrum of IR144 at the silica/butanol shows
1 two bands (see Figure 3). The SHG spectrum obtained upon
0 a0 40 so e0 10 diluting bulk solution by a factor of 2 shows the same two peaks

with the identical amplitude ratio. Therefore, this bimodal feature
ET(30) cannot be attributed to the aggregates of IR144 at the interface.

Figure 4. Peak wavelength of bulk absorption spec® énd peak  Although we cannot assign the observed two peaks, the SH
wavelength of bulk fluorescence spectm) ©f IR144 versus ET(30) spectrum in Figure 3 can be fitted using the same model with

800

750

Peak Wavelength (nm)

700

of the so!vents. The bulk conc_ent_ration of IR144 wagu_BBfor all of two resonant states now, denoted peak | and peak Il, which
the solution samples. The solid lines are the linear fits. provide coherent (interfering) contributions to the surfate
sented by a constal®, eq 1 can be rewritten as Ager
| w,) O] —
SHG( pr) I(w —w ) + IF
lsue(@p) O o + B2 @ gt Ter T e
SHG\W I :
P77 (wge — wp) +iTge Age,2 _ + B2 (3)
(wge,Z_ CUpr) + Irge,z

wherewge is the center frequency of the S+ S; transition,I'ge
is its line width, and the factokge contains molecular orientation ~ The fit is shown with a solid line in Figure 3, and the absolute
tensor, number of the chromophore molecules, molecular values of the components peaks | and Il are shown in dashed
transition matrix elements, and other terms which are weakly lines. Peak | has center frequengy 1 = llwge1 = 788 nm
dependent oy and widthI'ge,1 = 24 nm. Peak Il has center frequentys =

A fit of the static SHG spectrum of IR144 at the silica/ 1lwge2= 854 nm and widtH'ge 2= 15 nm. The amplitude of
acetonitrile interface to eq 2, shown in Figure 2 with a dashed peak Il relative to peak | i$Age d = 0.83Age 1. We note that
line, gives a spectral peak & (=1/wge) of 803+ 1 nm and the interference between the two spectral components, which
a line widthTge of 3304 11 cntt (fwhm = 42 nm). It should necessarily arises in the coherent SH spectroscopy (all resonantly
be noted that the center frequency of the-§S; transitionwge active species at the interface contribute coherently to the
is about 3 nm to the red of the intensity maximum of SHG measured SH electric field), results in an apparent shift of the
spectrum because of constructive interference between theSH peaks relative to the two center frequencigs; andwge 2
resonant and nonresonant terms in eq 2; that is, constants as well as in an apparent amplitude mismatch between the
andB have the same sign. A similar effect has been previously components | and Il and the resulting SH spectrum. Both peak
reported for several interfacég3344:45 | and peak Il are well to the red of the absorption peak of IR144

For comparison, the linear absorption spectrum of IR144 in in the bulk butanol. Therefore, even though their assignment is
bulk acetonitrile is also plotted in Figure 2. It shows that in the uncertain, we can conclude that the polarity at the silica/butanol
bulk solvent the $— S; transition peak is at 738 nm. The interface is less than that in bulk butanol. The use of the ET-
observed strong red shif;1100 cnT?, of the $ — S; transition (30) polarity scale as described above gives an estimate of ET-
of IR144 at the interface relative to the bulk solvent indicates (30)= 36+ 3 for the silica/butanol interface using the transition
that IR144 molecules adsorbed at the silica/acetonitrile interface wavelengtige 1 = 788 nm for peak | and 1@ 2 for the peak
experience a rather different solvation environment (i.e., polarity) |l wavelengthige = 854 nm. The bulk butanol ET(30) is 49.7.
than those in the bulk acetonitrile. A measurement of the A striking difference between the static SHG spectra of
absorption spectra of IR144 in a series of bulk solvents of adsorbed IR144 at the silica/acetonitrile and silica/butanol
different polarities was performed to show that the-S S; interfaces and their respective bulk absorption spectra is that
absorption peak undergoes a blue shift with increase of the the bandwidths of the SHG spectra (fwhm700 cn?) are
solvent polarity, i.e., IR144 exhibits a negative solvatochromism. significantly narrower than those of the bulk absorption spectra
Figure 4 demonstrates that the central wavelength (or frequency)(fwhm ~ 2000 cnt?). Solvatochromic probes have been found
is approximately linearly correlated to the ET(30) polarity scale to have narrower transition bands relative to bulk values at
of the solventg® With this result in mind, the red shift of the  several other interfaces, including gas/liquid, liquid/liquid, and
transition frequency at the silica/acetonitrile interface indicates solid/liquid interface®334¢ Thus, it appears that, in general,
that the polarity at the silica/acetonitrile interface is smaller than the interfacial solvation environments tend to exhibit less
that of bulk acetonitrile. broadening, perhaps because of less inhomogeneity than the bulk

Assuming that the §— S, transition wavelength for IR144  phase.
at the interface follows the same linear correlation with the  3.2. Interfacial Solvation Dynamics. The temporal SHG
polarity as that for IR144 in the bulk solvents, one can estimate signal from IR144 at silica/solution interfaces was measured
an ET(30) polarity value of 31 3 for the silica/acetonitrile as a function of the time delay of the probe pulse relative to
interface, compared with the ET(30) of 45.6 for the bulk the pump pulse. Figure 5 shows a typical time dependence of
acetonitrile. We must comment, however, on the interfacial the SH electric fieldEsy(t), which is defined as the squared
polarity in terms of the polarities of the adjacent bulk phases. root of the SHG intensity, generated at the silica/acetonitrile
Although the polarity of weakly interacting gas/liquid or liquid/ interface. Th@g(zi)x element was detected by usigghorizon-
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Figure 5. Upper panel: Normalized time-dependent second harmonic clay time (ps)

electric field of IR144 at the silica/acetonitrile interface. The laser Figure 6. Upper panel: Normalized time-dependent second harmonic
wavelength is 774 nm. ZXX element gf? is detected. Solid circles  electric field of IR144 at the silica/butanol interface. The laser
represent the experimental data. The solid line shows model fit describedwavelength is 774 nm. ZXX element gf? is detected. Solid circles

in the text, giving a time constant o = 1.054 0.14 ps. The pump represent the experimental data. The solid line shows model fit described
probe cross correlation function is shown by dashed lirie=ad. Lower in the text which gives a time constant of 1.200.12 ps. The pump
panel: The residual of the fit. probe cross correlation function is shown by dashed line=ad. Lower

panel: The residual of the fit.

tally) polarized input probe beam and selectdvertically)

polarized output with the analyzer. The probe laser wavelength €nergy of the $excited state, resulting in the red shift of the

is 774 nm. Another combination of the polarizer and analyzer, “emission frequency” (i.e., transition frequency fromt8 ).

P in andP out, which primarily detects thg®2) element based The excited-state thus falls out of the resonance with the probe
on the TIR Fresnel factors, gives identical kinetics. As shown aser pulse, because the probe wavelength, indicated by arrows
in Figure 5, prior to the excitation (i.et,< 0), Esy is constant. in Figures 2 and 3, was chosen to the blue of the Frans!tlon
Around time zeroEs(t) is dominated by a sharp spike, which peak Wa_\velength. This _dec_reases the resonant nonllnearlty_of
follows the instrument response function shown by the dashedthe excited-state contribution. As a consequence, a partial
line. Subsequently, a relatively “slow” (ps) exponential recovery '€covery of the SH signal is observed, resulting from less
is observed. The SH electric field does not go back to the initial cancellation betweep® of the ground state and that of the
baseline within the time window used in this study. evolving excited state.

The relative intensity of the spike around time zero depends Phenomenologically, the TRSHG data can be fitted to a
on the mutual polarization of the pump and probe beams. This convolution of the instrument response function with the sum
feature is in part due to the so-called “coherent artifact”, arising of a single-exponential function which accounts for the slow
because the pump and probe wavelengths in our experimentrecovery att > 0, a constant which accounts for the flat
are the same. However, the spike may include ultrafast dynamicsbackground at longer time delay, anddafunction which
such as intramolecular vibrational relaxation and ultrafast inertial accounts for the coherent spike nda= 0. The instrument
solvation, which cannot be resolved because of the insufficient response, i.e., the pumiprobe cross-correlation function, was
time resolution in the present experiment. A similar interpreta- measured by detecting their sum frequency generated at the
tion was proposed to account for the initial spike appearing in silica/neat solvent interface in the same experimental geometry.
the kinetics obtained in transient grating and absorption stéglies. Its fwhm was found to be 240 fs, which reflects broadening of
In particular, we note that, on the basis of the studies in bulk the pulses because of the group velocity dispersion in the silica
solvents, the vibration relaxation of the probe molecule is usually prism. The fit of the data for the silica/acetonitrile interface gives
not observed in the solvation dynamics experiméhts. an exponential decay time of 0.570.07 ps. The data did not

After deconvoluting the initial response-limited spike, the yield a better fit when a biexponential function was used instead
general behavior dEsy(t) in a solvation dynamics experiment  of the single exponential. The TRSHG kinetics for silica/butanol
can be understood as follows. At= 0, one-photon resonant interface at a probe laser wavelength of 774 nm is shown in
excitation by the pump pulse results in a partial population Figure 6. The time dependence was similar to that observed
transfer from the §to S state of IR144. Both the ground and for the silica/acetonitrile interface. Here as well, a single-
the excited-state populations of the chromophore contribute to exponential function with the time constant 0.220.09 ps
the resonant enhancement of the surface nonlineaffy reproduces the slow recovery very well.

However, within a two-level model, their contributions have

opposite phase®:4" Therefore, the $to S, population transfer 4 piscussion

by the pump creates a destructive interference of the optical

fields generated by the excited- and ground-state molecules, Solvation dynamics are usually quantified in terms of the
which accounts for the observed initial bleach of the SH signal. solvation correlation function, or the so-called FSS (fluorescence
The evolution of the solvation process with time lowers the free Stokes shift) functior;® defined as
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Wet) — Wef(0) case, however, this did not result in a better fit of the TRSHG
= 2 (0) = o () (4) data in Figure 5 within the experimental signal-to-noise.
cg cg For the silica/acetonitrile interface, parameterg and I'ge
) . were obtained by fitting the static SHG spectrum, Figure 2, to
wherewed(0), weg(), andwet) are the optical frequencies that e model eq 2. For the more complicated silica/butanol interface
correspond to the energy gap between the solvating excited Stat%pectrum, Figure 3, parameters for peakwhe1 and T'gey
and the ground immediately after the pump photon is absorbed ghtained from the fit to eq 3 were used because peak Il is far
(t = 0), at a time when the solute and solvent have reached off resonance with both the TRSHG probe and pump wave-

1)

equilibrium ¢ = ), and at an intermediate time S(t) is lengths, 774 nm.
therefore a normalized representation of the setstevent The equilibrated excited-state transition frequemgy) can,
interaction energy, as reflected by the S-S transition in principle, be accurately determined from the steady-state S

frequency of the solvatochromic probe moleci8g) changes — S, emission peak frequendy.However, determination of
from 1 to O as the solvent reorganizes to reach equilibrium with ¢, steady state emission spectrum of IR144 adsorbed at the
the solute. . interface presents considerable experimental difficulties because
_In the bulk-phase TRFSS experimer{) can be measured o the large IR144 fluorescent bulk signal. In our analysis, we
directly because the experimental observable is simply the rely on an estimate afefe) on the basis of the assumption
excited-state fluorescence, detected as a function of the pump nat the steady state emission spectrum of the solute at the
probe delay. Theve(t) dependence is determined by the so- jnterface is similar to that in the bulk solvent of the same polarity
called spectral reconstruction metfidtom the reconstructed g the interface. The measurements of the steady-state emission
fluorescence spectra at different time delays. In the case ofgpectra of IR144 in a series of bulk solvents of different
TRSHG, the experimental observalfie.(t) contains coherent  pojarities presented in Figure 4 show that emission peak
contributions from (i.e., interference Of) both the excited (time- frequency (Or Wave|ength) is |inear|y correlated with the ET-
dependent) and ground (time-independent) states. Below, we(30) of the solvent. Given an ET(30) polarity of 31 for silica/
briefly outline a procedure for extracting the solvation correla- zcetonitrile interface determined by the fit of the static SHG
tion function t) at an interface from the time-resolved SHG  spectrum, we findveg(0) = 11 560 cnT! (i.e., deg(®©) = Lweg
measurements dEsy(t). We use the results of the static SHG () = 865 nm). Similarly, for peak | at the silica/butanol
spectroscopy, which characterizes the time-independent groundinterface, ET(30)= 36, we estimateveq () = 11 670 cnt
state contribution to thEs(t), to deconvolute the excited-state  (i.e., Leg {20) = L/weg () = 857 nm).
dynamicswedt) from the experimentally measured transient SH ~ Ajthough we can estimate the center wavelength of the S
signal Esx(t). — S transition from the interfacial polarity considerations, no
A general expression for the time dependence of the secondinformation can be obtained regarding the line width of this
harmonic field measured in a pumprobe TRSHG experiment  transition, represented Hyeq in €q 4. The bulk-phase TRFSS

can be written within the two-level approximation spectral reconstruction studies show that the line width of the
transient emission spectrum of the solute in the bulk is similar
Agdng(t) Ace(t) , to that of the absorption spectrum and does not change notably
Esu(t) O |(w o) T T (@) — @) LT | with the timel7 It is reasonable to make an assumption that
ge  pr ge €9 pr €9 5 this also holds for the solute at an interface. Accordingly, in
®) the following fit, we simply assume th&tgis equal tol g, the

h L d th h . b | latter determined from the static SHG spectra (Figures 2, 3).
where It Is assumed that one-photon transitions between onlyre finjte [aser pulse width was incorporated into the fit by a

two states, and §, are in or close to the resonance with the  gian4ard convolution of the instrument response function with
probe frequencyy. As in eq 2, all nonresonant contributions eq 5

are co_llected in the qonstaﬁ’. The first term on the ”gh.t' . Figure 5 shows the fit of the data for the silica/acetonitrile
hand side of the equation represents the ground-state Cont”bunor?nterface using a single exponentt) function. The solvation

S:'atso_) (?1 “up”dtrart13|t|or:).,bw?ereafsttri:e Secfing tetrr? repressents dynamics time constant was determined tage 1.05+ 0.14
e“dlme-” ?pen _t(_en Ctonth u |on|_o € excl et'bs'l'ag (V'a; ps. The TRSHG results obtained at the silica/butanol interface
So “down” transition) to the nonlinear susceptibilipf?. ng(t) are shown in Figure 6 together with the fit to the model of eq

and ne(t) denotg normalized population dens.ities ofddd S 5. The solvation time scale extracted for the silica/butanol
states, respectivelyy(t) + ngt) = 1. Att < 0, i.e., before the interface ists = 1.20+ 0.15 ps.

ptur:‘_lpspﬂlseng T: and e = %and We recover :eq 2ffor_6}:1he The phenomenological fit of the TRSHG data described in
stalic signal. ASSuming a >aussian pump pulse of wa the Results section give the time constants of 0.57 ps for the

the S — S, transfer rate equation gives silica/acetonitrile and 0.72 ps for the silica/butanol interfaces,
which are similar, although somewhat shorter, than the extracted

N(t) = 1 — exp[~a{1 + erf(t/zy)}] (6) 7s. Directly fitting the Es(t) data obtained at a chosen probe
wavelength is similar in spirit to the so-called linear wavelength
The total transferred population fractiop= 1 — exp(—2a) ~ method devised for the bulk-phase solvation dynamics measure-

2a is determined by the pump pulse energy and the absorptionments’1548 The idea is to find a probe wavelength at which
cross-section, and &> 1o, bothne andng are time-independent.  the solvation dynamics correlation functic#ft) is directly
Subsequent evolution of the SH signal therefore is determined proportional to the experimental observable, i.e., fluorescence
solely by thewedt) in the second term of eq 5. If we assume a intensity in the case of the bulk-phase TRFSEey(t) in the
single-exponential solvation dynamics correlation funct case of the surface TRSHG. Using the model described above,
= exp(—t/zs), the correspondin@edt) = wey(®)+[wed0) — TRSHG transients can be simulated for different probe frequen-
we)] eXp(—t/zg) can be substituted into eq 5 which is then cieswp.

used to fit the experimental data. A multiexponential function ~ The simulations show that when the probe frequency is on
can be used as well to represent &g decay. In the present  the blue side of thevge the SH signal shows a monotonic
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recovery with a time constant similar to the solvation dynamics the interfacial region and the orientation of the adsorbed solute
correlation function timers. This was the situation in our  molecules. The solvation process involves complex many-body
measurements using the 774 nm probe, indicated by arrows indynamics, i.e., simultaneous motions of many solvent molecules.
Figures 2 and 3. The fitting shows that for this choice of the The modified solvent structure near the interface compared to
probe wavelength the choice dfeg and weg) does not the bulk may therefore result in different static solvation
significantly affect the extracted time constant for the solvation (polarity) and different dynamical relaxation time scales. The
dynamics. For example, changid@g by 50% results in the  adsorbed IR144 may be hydrogen-bonded with the silanol group
extractedrs which is different by less than 20%. If, however, of the silica surface. The librational motions involving these
the probe wavelength is close to the peak or on the red side ofhydrogen bonds may serve as an additional (faster) solvation
the static SHG spectrum, the calculations show that a more channel to lower the free energy of the nonequilibrium excited
complicated behavior dEsi(t) is expected, such as nonmono- state and, therefore, shorten the overall solvation processes at
tonic recovery in some particular cases. Such behavior wasthe interface. It must be emphasized that, on the basis of the
indeed observed when 820 nm probe wavelength was used. Insolvation dynamics studies in bulk solvents, there is no direct
this case, it is difficult to extrac§(t) from Esn(t) because the  relation of lower polarity with faster solvation. The polarity,
fitting procedure becomes extremely sensitive to the choice of after all, is astaticequilibrium property, and its connection with
parametersvef) andl'eq (vide supra). the solvation dynamicsis not straightforward. The lower
Being a prototype of a simple polar aprotic solvent, the polarity/faster solvation correlation found in our work might
solvation dynamics of acetonitrile have been extensively studied therefore be fortuitous. For example, bulk water is one of the
both experimentalf/>1”2%and theoretically* 3’ Several probe  most polar solvents, whereas its solvation dynamics is the fastest
molecules have been used to measure the solvation dynamicsf all liquids studies up to dafeFor the air/water interface,
of acetonitrile, including IR144. Because the observed solvation polarity was found to be approximately half of that of the bulk
dynamics may be varied with the probe molecule to some water, but the solvation dynamics are similar to the bulk water
extent}” we only cite the result for bulk acetonitrile probed with  dynamics®
IR144, which is the solute used in this Study. Similar to other Computer simulations of solvent dynamics at a p|anar

solvents, two solvation dynamics components were observedpydrophobic wall?3indicate that the diffusive solvation at that
in bulk acetonitrile using the three pulse echo peak shift neytral solid/liquid interface can be slower than that in the bulk
technique’® The ultrafast inertial solvation component has a gplvent!2 The simulated hydrophobic interface is, however,
Gaussian temporal profile with a characteristic time of 73 fs yather different from our hydrophilic silica surface terminated
and accounts for about 70% of the total solvation energy. The py sjlanol groups. The differences between the simulation results
slower diffusive solvation component is exponential with atime gnd our experimental findings point to the importance of the
constant 2.23 ps. It is associated with large amplitude diffusional |ocal solvent-surface interactions in determining both the
motions that involve significant reorganization of the solvation stryctural and dynamical properties near the interface. The
structure. significant dependence of the simulation results on the boundary
The limited time resolution of our experimental setup does conditions was indeed notd@Another noteworthy aspect is a
not allow observation of the ultrafast inertial solvation compo- fairly large size of the polyatomic solute IR144 used in this
nent at the silica/acetonitrile interface. Itis likely buried in the ~ stydy. In contrast, a diatomic solute was used in the simulation,
coherent artifact spike on the SH signal aroung 0. The  which may not represent well the IR144 molecule. The bulk-
observedrs = 1.05 ps relaxation most likely represents the pnhase solvation dynamics are to a certain extent dependent on
diffusive component of the interfacial solvation dynamics. Itis the properties of the solute used such as size, polarizability,
interesting to compare the time scales of this relaxation mode gtc 37 Therefore, the use of a more realistic solute seems
in the bulk solvents and at the solid/liquid interfaces. Although necessary for obtaining more accurate simulation results.
they are of the same order of magnitude, the diffusive solvation A gimilar effect was recently observed in TRFSS experiments
at the silica/acetonitrile interface appears to be faster than in 4 the interface of water/Zronanoparticles, where the overall
the bulk acetonitrile. Similar to the silica/acetonitrile interface, gqyation time was found to be faster than that in the bulk
the solvation dynamics at the silica/butanol interfages 1.2 water!4 Several mechanisms were proposed to explain the faster
ps, appears to be of the same order of magnitude yet faster thanyg|yation dynamics at this interface, including the disruption
the bulk-phase butanol relaxation, where two diffusive time ¢ ne hydrogen bond network of the solvent (water) near the
scales, 3.5 and 33 ps were measufedecause of the jnerface because of the formation of hydrogen bonds between
insufficient signal-to-noise, we cannot rule out the existence of 1 interfacial water molecules and surface OH groups. The net
a longer ¢ 10 ps) solvation component at the silica/butanol egt is the reduction of the H-bond order for the water
interface. A time-resolved fluorescence study of the solvation siecules near the interface, which are thus allowed to move
dynamics at the sapphire/butanol interface using the total internal o e freely than in the bulk. Related to that is a recent work of
reflection (TIR) has been reporté¥Because of the 60 pstime o, group, which demonstrated the overall reduction of the

resolution, only the longest diffusive solvation componerit/0 solvation response time by the hydrophilic surfactant at the air/
ps, was observed at the interface, which is slower than the 80, 4ter interfacé® There as well, the rearrangement of the
ps time scale for the bulk. hydrogen-bonding network of water molecules near the interface

An unambiguous interpretation of the molecular mechanism py; interactions with the hydrophilic carboxyl group of the stearic

of solvation _at the silicglacetonitri_le and_silic_a/butgnol interfaces gcig surfactant was suggested to facilitate the diffusive relaxation
would require a detailed MD simulation involving accurate of the water molecules.

interaction potentials. Here, we only qualitatively consider the

interfacial interactions Whlgh may affept the relaxation dynfimlcs 5. Conclusions

of the solvent near the interface, in light of the published

theoretical and experimental studies of solid/liquid interfaces.  Static electronic spectra and subpicosecond solvation dynam-
The presence of the silanol groups at the silica interface mostics of a molecular probe IR144 at the silica/acetonitrile and
likely affects both the arrangement of the solvent molecules in silica/butanol interfaces were measured to characterize solvation
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at these interfaces. Both the static solvation (polarity) and the
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acetonitrile solvent. A single-exponential relaxation with the
time constant ofrs = 1.05+ 0.14 ps was extracted from the

pump-probe measurements of the interfacial solvation dynam-
ics. It is assigned to the diffusive solvation component at the
silica/acetonitrile interface and is of the same order of magni-
tude, although somewhat shorter, than the diffusive solvation

in the bulk acetonitrile solution, 2.23 ps. The static SHG
spectrum for IR144 at the silica/butanol interface exhibits two

peaks at 788 and 854 nm, both of which are red-shifted from
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yield the solvation dynamicsg = 1.20+ 0.15 ps, for the silica/
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butanol interface, whereas the corresponding diffusive relaxation G- R.J- Phys. Cheml996 100, 11944.

components in the bulk butanol are 3.5 and 33 ps. Both the
decreased polarity and faster diffusive solvation observed at the
silica/acetonitrile and silica/butanol interfaces may be attributed
to interactions of the solvent molecules with the silanol groups

of the silica surface, which make the interfacial solvation
environment different from the bulk phase, both statically and
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