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Deprotonation of Phenol linked to a silicon dioxide surface using Adaptive Feedback Laser
Control with a Heterodyne Detected Sum Frequency Generation Signal

Alexei Goun!, Esther Frederick?, Ali O Er!, Steven L. Bernasek?, Herschel Rabitz!
"Department of Chemistry, Princeton University.
2Sandia National Laboratory, Albuquerque, New Mexico,
3Division of Science, Yale-NUS College, Singapore

Abstract
The development of laser-controlled surface reactions has been limited by the lack of decisive
methods for detecting evolving changes in surface chemistry. In this work, we demonstrate
successful laser control of a surface reaction by combining the adaptive feedback control (AFC)
technique with surface sensitive spectroscopy to determine the optimally shaped laser pulse.
Specifically, we demonstrate laser induced deprotonation of the hydroxyl group of phenol bound
to a silicon dioxide substrate. The experiment utilized AFC with heterodyne detected vibrational
sum frequency generation (HD-VSFG) as the surface sensitive feedback signal. The versatile
combination of AFC with HD-VSFG provides a route to potentially control a wide range of surface
reactions.
L. Background

Lasers hold great promise as a tool for manipulating chemical reactions due to their ability
to precisely control transformations of molecules. In such circumstances, laser irradiation of
molecules can lead to highly complex molecular processes requiring careful shaping of the laser
pulse to direct the reaction along the desired pathways. The optimal laser pulse features are
typically difficult to reliably design, often due to the lack of full knowledge of the system

Hamiltonian and the complexity of the necessary calculations. Adaptive feedback control (AFC),
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sometimes referred as a learning control, can sidestep these difficulties by directly operating in the
laboratory!-® to provide an effective and efficient technique for determining the optimal pulse
features to meet the desired goal. The procedure has been applied to wide ranging scenarios from
controlling gas-phase reactions* 3 out to manipulating complex biomolecules in solution® 7 .

Advanced manufacturing, such as nanoscale integrated technologies and complex
detection systems, often rely on increasingly elaborate surface features that, in turn, require precise
control of surface reactions®!!. In an attempt to meet the latter needs, traditional surface chemistry
(e.g., by means of electrochemistry and /inearly photo-driven chemical reactions) often cannot
selectively produce the desired surface species, while also resulting in a multitude of unwanted
products. Thus, tailored optical control of surface reactions has become an increasingly important
goal. In this work, we develop an AFC technique for control of surface reactions by using feedback
from heterodyne detected vibrational sum frequency generation (HD-VSFG) to determine the
shape of the laser pulse needed to guide a targeted surface bound molecule along a particular
reaction pathway. As an illustration, we demonstrate AFC combined with HD-VSFG for
deprotonation of the hydroxyl group of phenol surface-bound to a silicon dioxide substrate.

The use of lasers to initiate a particular chemical reaction has a variety of advantages, such
as spatial accuracy and the ability to rapidly execute the process. A variety of laser-based
approaches have been developed to control reactions, including multiphoton excitation through
the phase structure of the excitation beam,!?> modification of the intramolecular potential through
AC Stark shift effects,!® and rapid adiabatic passage.!* Ultrafast laser pulse shape control, in
particular, possesses several unique properties that enable selective and precise molecular
manipulation. Due to the short pulse duration of less than a picosecond, ultrafast lasers can

routinely achieve the high field strengths (i.e., comparable to intramolecular interactions) needed
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to manipulate reactions, potentially leading to products beyond the capability of traditional
chemical kinetics. The latter circumstances can be facilitated by the light-matter stimulated
reaction being of a highly non-thermal nature. In this fashion, the duration of the optimally shaped
laser pulse also can be of the same order of magnitude or shorter than the molecular motion,
thereby allowing the laser energy to access only the relevant degrees of freedom. The temperature
rise of the surface can be made negligible under appropriate conditions, which can preserve the
integrity of the sample while accomplishing the desired laser action. Combining these features, in
principle, opens up the freedom for appropriate optical pulses to direct the molecular dynamics
towards desirable reaction pathways.!>4 15-17

As further background with regard to the demonstration presented in the paper, coherent
control of surface reactions has remained an open challenge for many reasons. A prime issue has
been the lack of a surface species selective feedback technique possessing a high-fidelity signal
that can be recorded at the rapid pace needed to effectively monitor the evolving reaction yield as
the laser pulse shape is guided by AFC. As far as we know, only one experiment has been published
demonstrating optical control of surface reactions,'® !° but this experiment indirectly monitored
the surface reaction through mass spectroscopy of gas phase products dissociated from the surface.
The lack of a direct surface monitoring method is a drawback, because a particular gas phase specie
is not guaranteed to unequivocally result from a surface reaction, as additional gas phase
dissociative dynamics may occur. Furthermore, only ionic species may be observed using mass-
spectroscopy, and the technique is limited to high vacuum conditions, preventing applications
under common ambient experimental circumstances in surface chemistry.

In this paper, the previous challenges are overcome by introducing an AFC method, which

guides the optimization by a direct high quality, surface specific feedback signal from HD-VSFG.
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Importantly, HD-VSFG is a universal technique for providing a feedback signal for the progress
of laser-controlled surface reactions by utilizing vibrational sum frequency generation (SFG),
which is tailored for selectively analyzing surface processes?” 2!. SFG relies on irradiating a
surface with two input pulses, one being a broad infrared (IR) bandwidth and the other consisting
of a narrow visible or near infrared pulse. The spectrally broad IR pulse vibrationally excites the
species on the surface of the sample. The spectrally narrow pulse induces a Raman process by
interacting with the vibrationally excited species, thus resulting in a spectral shift characteristic of
the surface species. Due to symmetry restrictions, SFG is strictly prohibited within the bulk of
centrosymmetric materials 2> 23. As the surface breaks the material symmetry, the resulting output
beam will contain information specific to the surface. However, the use of SFG for probing optical
surface reactions has been limited due to the weak signal resulting from both the inherently small
number of surface species and the natural low signal strength of the Raman effect. Both of these
limitations were recently overcome with the introduction of heterodyne detection,?*?> which
amplifies the SFG signal by coherently combining it with an additional beam. Heterodyne
detection can also provide information about (monolayer) orientation, allowing for
characterization of surface morphology?*.

The present paper will demonstrate AFC of O-H bond breaking from a surface-bound

phosphonated phenol self-assembled monolayer (SAM), schematically shown in Figure 1.

OH oH ¢ o
Y A N —h
ry oy oS
S { ___ e S
NyoO { $,-0 L.
/p_. P=0 /p“ P=0
7\ /) Y 7\
O O O o O O O O
\ / \, V4 \_ / \\ O \ /S N,/ \. V4 \ o)
S1 S ;31\ /81;) S1 /51\ ;_-S’\ _Sib
o \d O o Y o

Figure 1: Schematic representation of phosphonated phenol molecules bound to a silicon dioxide surface
where the hydroxyl group undergoes optically induced deprotonation.
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There are several reasons we chose surface-bound phenol as a convenient system to
demonstrate a laser driven reactive transformation. One factor is that the control pulse centered at
400nm wavelength draws upon the electronic properties of phenol to allow for two-photon induced
deprotonation. Concomitantly, it is impossible for the control or the SFG detection pulses to
linearly contribute to the photochemical process, and this circumstance avoids the masking of the
non-linear, coherent two photon 400nm control contribution (see Figure 2). In particular, the
electronically excited state of the phenol is at ~5eV, so it is impossible for it to be activated by
linear excitation with the Raman laser pulse at the frequency of 795nm or its second harmonic
used as a control beam at 400nm. The strongest optical transition of the phenol corresponds to m—
™ at 260nm. The 7 * state forms a conical intersection with the o * dissociative state?®-28, At large
separation of the proton from its parent molecule, o™ becomes the ground state. As the reaction
is exoergic, the phenol can be deprotonated even in the vacuum?® and does not require additional
stabilization by polar solvent molecules, typical for other deprotonation reactions. The relevant
energy states, together with optical transition energies are illustrated in Figure 2. Thus, the surface
bound phenol deprotonation reaction serves as a good example since it utilizes a reliable, easily
observable surface species transformation resulting from exploiting the manipulation of the O-H
vibrational wavepacket combined with level crossing dynamics. As the phenol negatively charged
ion and proton are under Coulomb attraction, there is expected to be a tendency for the
recombination reaction, typically taking place on a nanosecond to microsecond time scale?. Thus,
between reactions of light induced phenol deprotonation and recombination, there is an ample
temporal window when the efficiency of an optical excitation to remove the proton can be
quantified over a time period of 100 picoseconds after the arrival of the control pulse. In the

proposed experiment during a later time window, the remaining amount of the sample attached
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surface O-H group is measured. A fresh surface sample was used for each control experiment and
given the focus of the experiment on bond breaking no attempt was made to follow a subsequent
reprotonation. Besides the phenol groups, water molecules are likely attached to the sample surface
as it is exposed to the laboratory environment. At the same time, the potential additional process
of photoinduced water decomposition should not play a prominent role as it occurs at a wavelength

shorter than 200nm and is not expected to affect the O-H bond of the phenol.
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Figure 2. Energy diagram of the combined phenol photodissociation reaction and SFG composition
detection. The length of the arrows and energy levels are drawn to scale. The colors of the photonic arrows
are chosen for graphical clarity. The detection of the O-H group presence is carried out with SFG utilizing
the vibrational manifold of the ground electronic state, indicated in the lower portion of the figure. The
excited, dissociative product can be optimally achieved by two photon absorption of a 400nm, suitably

shaped, laser control pulse.
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I1. Experimental Methods

A. Surface sample preparation.

This section describes the procedure to create the particular SAM used in the subsequent
laser control experiments. A hydroxy terminated SAM was formed by deposition of 4-
hydroxybenzylphosphonic acid onto a SiO, substrate wafer 1cm x lcm in size, via a well-known
tethering by aggregation and growth (T-BAG) procedure’’. The SiO, wafers were vertically
suspended in a solution of ~47 uM 4-hydroxybenzylphosphonic acid (>95% purity, Sigma-
Aldrich) in THF. As the THF evaporates, what remains is a well-ordered SAM physisorbed on the
Si0O, through hydrogen bonds between the phosphonic acid and SiO,. The silicon wafer was then
heated for ~12 hours to convert the physisorbed phosphonic acid SAM to a chemisorbed
phosphonate-SiO, monolayer. This process was repeated three times with the same wafer to obtain

a good quality monolayer with high molecular packing density.

Surface characterization was carried out by several means. The SAM formation and

uniformity was confirmed using ellipsometry, contact angle goniometry and atomic force

microscopy (AFM). X-ray photoelectron spectroscopy (XPS) and ATR-FTIR were used to

determine the composition of the monolayer. These processes are described further below.
Stokes Ellipsometry measurements were made (Gaertner Scientific Corp., USA) using a
helium-neon laser (633 nm) source at a fixed incident angle of 70°. The refractive index of silicon
and the organic layer was chosen to be 3.85 and 1.5, respectively. A number of points across the
sample were measured, which assured uniformity. The contact angle goniometry data was

collected under ambient conditions. A drop of Millipore water (~2 pL) was placed on the sample
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surface to form a sessile drop from which the contact angle was measured by a Theta Optical
Tensiometer (KSV Instruments, Finland). The ellipsometry determined thickness was 23 £ 1 nm
and the contact angle was 32 + 2 deg. This result confirms the formation of a reasonably uniform
hydrophobic SAM relative to the native oxide contact angle of near zero deg.

The XPS measurements were performed using a Mg Ko X-ray source (1253.6 eV) and an
electron spectrometer (VG ESCALAB MKII) operated in constant analyzer energy mode with a
pass energy of 100 eV and 20 eV for survey and high-resolution scans, respectively. The data was
analyzed using CasaXPS software. A linear baseline was used for s peaks (O(1s), C(1s)), while a
Shirley baseline was used for p peaks (P(2p), S(2p), Si(2p)). All peaks were calibrated to
adventitious carbon at 284.8 eV and fit using a Gaussian-Lorentzian peak shape.

Analysis of the C(1s), O(1s) and P(2p) XPS spectra (Figure 3) indicate the successful
deposition of the molecules through the formation of a phosphonate bond. XPS of the C(1s)
displayed three discernable peaks at 284.8 eV, 285.8 eV and 289.2 eV with a fitting residual of 1.0
on the scale in Figure 3. The 284.8 eV peak was attributed to adventitious carbon while the peak

at 285.8 eV was attributed to the C-O and C-P carbons, corresponding to C(1s) literature phenol

values of 284.5 eV - 286.1 eV for C-O,3! and C-P values of 286 - 286.4 eV 32. Differentiation of

individual C(1s) peaks was problematic with measurements of this resolution. The weak 289.2 eV
peak was characteristic of values typically seen for carboxylic acid, which indicates the likely
presence of adsorbed COOH species. The P(2p) region displayed a broad peak at 132.1 eV fit with
a residual of 1.1. This peak corresponds well to P(2p) binding energies for molecules containing
PO3, which range from 132. 7 - 134.7 eV depending on the chemical environment; due to overlap
with the Si 2p plasmon, the peak cannot be definitely assigned to POs 33. The O(1s) spectrum

displayed a weak peak at 532.6 eV. The peak fit implied the presence of more than one oxygen
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species but the data was not of high enough resolution to de-convolute reliably. The peak was
attributed to both adventitious oxygen between 532 - 533 eV and hydroxyl, for which the published
value from CgHsOH is 531.7 eV 34 ATR-FTIR was carried out to confirm the presence of a
hydroxy group, as explained below.

C(1s) 0(1s) P(2p)

Arbitrary Units
Arbitrary Units
Arbitrary Units

R Al Eaaaa s ad T T T T T T T T — -
290 289 288 287 286 285 284 283 282 536 535 534 533 532 531 530 529 138 135 132 129 126
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3: XPS of the 4-hydroxybenzylphosphonate SAM C(1s), O(1s) and P(2p) regions (see the text for
details). The broad O(1s) signal could not be deconvoluted into the adventitious and hydroxy group
components, so ATR-FTIR (Figure 4) was carried out to confirm the presence of a hydroxy terminating
species.

The ATR-FTIR measurements were made under ambient conditions using a Nicolet 6700

FT-IR spectrometer with a diamond ATR-FTIR accessory (Thermo Electron Corp., USA). The
accessory crystal of the ATR-FTIR was cleaned with isopropyl alcohol before the background
reference was collected. Scans were manually corrected via a linear baseline, then ATR corrected
and smoothed. All spectra were taken with clean SiO, as a background reference, which was
automatically subtracted from the spectra. Therefore, the observed peaks are assumed to be
characteristic of the SAM. The ATR-FTIR spectra (Figure 4) displays a broad peak running from
2700 to 3500 cm™! which was attributed to the hydroxyl stretch vibration consistent with values of
2600 — 3300 cm! from solution and vapor phase IR spectra®®. In summary, the combination of the
XPS and ATR-FTIR data confirmed the chemisorption of hydroxyl terminated molecules bound

through a phosphonate bond to the SiO, surface.
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Figure 4: ATR-FTIR of the 4-hydroxybenzylphosphonate SAM displayed a broad peak stretching from
2700 ~ 3500 cm! corresponding to hydroxyl vibration, which confirms the presence of a hydroxy
terminating group.

B. Laser control apparatus.

A Coherent Legend Ti:Sapphire regeneratively amplified ultrafast laser system with a
repetition rate of 1 kHz and pulse length of ~40 fs was used to generate 800 nm laser pulses, which
were then split in two equal parts. One part (i.e., upon doubling to 400nm) formed the basis for
control of O-H bond breaking and the other part was utilized with an Optical Parametric Amplifier
(OPA) to form two pulses to monitor the surface with HD-SFG (Figure 5). The role of the latter
two pulses at 795nm and 2950nm for generating the SFG signal at 626nm is shown in Figure 2.
The 800nm beam was frequency doubled to 400 nm with a 50 micron thick BBO crystal and the
temporal shape of the latter laser pulse was modulated as the control using a standard ultraviolet
pulse shaper.*¢ Upon entering the pulse shaper the beam was first spectrally dispersed by a grating
with 2400 lines/mm in Littrow configuration. Each spectral component was focused into a wide

aperture acousto-optic modulator crystal with a spherical mirror of 50cm focal length. The phase

10
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and amplitude of an acoustic beam could both be modulated by a computer-driven arbitrary
waveform generator. When the optical control pulse diffracts from an acoustic grating, the
predetermined pattern of the amplitude and phase is imprinted onto the spectral components of
control pulse centered at the 400nm beam. Thus, the action of the pulse shaper in the frequency
domain can be described as

Eou(w;) = Alwpexp(ip(w))Epm(w)) (D
where E;(w j) is the input spectrum of the optical pulse centered at 400nm and having 20nm full
width at half maximum, A(w ]-) is the amplitude of the acoustic wave at the location in the crystal
corresponding to the spectral component wj, (p(wj) is the associated phase of the acoustic wave,
and E 1 (w j) is the optical field after the interaction with the shaped acoustic waveform imprinted
in the crystal. Before exiting the pulse shaper, the spectral components were recombined into a
collimated, temporally shaped control pulse by a second grating and spherical mirror.3¢ The latter
temporally shaped control pulse was focused perpendicular to the surface of the sample using a
combination of 20cm focal distance lenses and mirrors. In all of our experiments the amplitude A
(w j) parameters were not varied, and the pulse shaping variation for control purposes was confined
to the phase ¢(w j); in this fashion, the shape of the control laser pulse was varied while the pulse
energy was kept constant. This procedure suppresses the potential influence of thermal effects at
the surface due to a temperature rise, albeit small, which will be the same for all pulses used in the
experiment as it is not expected to be dependent on the temporal intensity of the pulse, rather only

on its energy content. The surface thermal effects will be discussed later in the paper.
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Figure 5. Control and detection apparatus setup (simplified to show general features): A primary 800 nm
pulse from the laser was split into two parts — one 800nm pulse beam was frequency doubled to 400nm and
modulated with the acousto-optic pulse shaper for phase variation to form the control pulse. The second
800nm pulse beam passed through an optical parametric amplifier (OPA) to generate the HD-SFG infrared
beams (i.e., at 795nm and 2950nm red and black, respectively, in the figure) used to monitor the surface
reaction. The resulting three beams were then focused onto the surface using a series of mirrors, simplified
in this schematic by a single mirror for each beam. The resulting SFG beam at 626nm (orange) was collected
by using a series of mirrors to send it to the spectrometer; further details of the SFG process are shown in
Figure 6. The experiment was carried out at ambient laboratory conditions, with the SAM sample described
earlier.

The second part of the initial 800nm pulse beam was further split upon entering the OPA
to be used for HD-SFG spectroscopy to monitor the change in surface chemistry, as mentioned
earlier. A broad bandwidth mid-IR pulse beam was generated by the OPA with a central
wavelength of 2950 nm and an energy of 5 pJ (see Figure 5), which was focused on the sample
using a CaF, lens with an 8cm focal length. Simultaneously, the 800nm pulse beam was spectrally
narrowed by an interference filter into a beam centered at 795nm with a bandwidth of 1nm, which
was focused on the surface with a 20cm focal length fused silica lens. The control and the two
detection beams were overlapped using a 50 micron diameter pinhole to ensure good spatial
overlap at the surface. The pulse beams impinging on the sample surface resulted in two reflected

beams centered at 795nm and 2950nm and produced a third SFG beam centered at 626nm, which

12
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contained the surface composition information. The bandwidth of 795nm pulse is Inm that
corresponds 15cm’!, limiting the spectral resolution to ~30cm-!. This resolution is efficient for
detecting O-H but does not permit resolving the C-H stretch in the recorded spectrum?’.

The two SFG excitation pulses (centered at 795nm and 2950nm) reflected from the surface
of the wafer were later utilized (see Figure 6) for heterodyne pulse generation, while the 400nm
shaped control pulse normal to the surface retroreflected and was not further collected.

The SFG signal was strengthened using Yamaguchi’s heterodyne amplification approach?*.
The geometry of HD-SFG is illustrated in Figure 6; the beam color scheme is consistent with
Figure 5. In brief, the resulting SFG pulse beam spatially separates from the other reflected beams
and is transmitted through a 1.2mm thick glass slide to optically delay each pulse by 2.1ps. All
three beams were then reflected by a spherical mirror with a S5cm radius of curvature to cross again
on a non-centrosymmetric GaAs surface; in this fashion, the 2950nm and 795nm pulse beams
generated a second SFG signal that traveled along the same path as the original SFG pulse beam
with both beams spatially and temporally overlapping. The temporal overlap of the signal and
heterodyne pulses occurs in the spectrometer. The SFG beam generated from GaAs resulted in a
strong Local Oscillator (LO), which creates a spectral interference pattern on the surface of the
CCD detector. In such a configuration, the spectrally resolved signal on the CCD array, I(w), can
be represented as
I(@) = |Ero(@) + exp(ion)Es(@)]? = |ELo(@)]? +2Re(exp(iwn)Efo(w)Es(@))  (2) where
E1o(w) is the electric field of the LO, Eg(w) is the SFG electric field signal from the surface
sample under control, 7 is the 2.1 ps time delay between the signal and the LO, and w is the optical

frequency at 630nm.
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In order to recover the spectrum of the surface we have relied on a well know property of the
Fourier transform that the spectrum of the pulse shifted in the time domain is the original spectrum
with additional phase modulation FT(f(t —1)) =FT(f(t))exp(iwt). Thus, to identify the
spectrum of the pulse generated by SFG, the side peak (i.e., either of the side peaks in Figure 7b
later) of the Fourier transform was shifted to the origin and the inverse Fourier transformation was
performed 37-38 (see Figure 7¢ later).

The field generated by the sample’s surface might also contain the contribution of higher order
processes such as y®), especially in the presence of strong electrostatic fields due to charge
separation on the surface 3. This additional contribution can influence the exact shape of the SFG
spectra but does not change its correlation to the protonation degree of the phenol’s hydroxyl
group. The second term on the RHS of Eq. (2) provides amplification along with the presence of
frequency modulation exp(iwt) of the weak surface signal. The surface signal comes as a product
with local oscillator in the spectral domain, separating these contribution requires additional
calibration experiment’’. Both the real and imaginary part are both linearly proportional to the
amount of hydroxyl radicals at the surface. Even though the spectral shape might be perturbed by
the interference between the real and imaginary part, the magnitude of the signal is still
proportional to the amount of O-H on the surface. The response of the surface includes
contributions from all of the constituents of the surface, their resonant and non-resonant
contributions. Due to the long delay of 100 picoseconds between the control and the probe pulses
all of the coherent processes are over, and the nonresonant contributions should remain the same
from pulse-to-pulse. The only components of the surface that actively interacts with the control

pulse are the phenols groups

14
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Figure 6. The sample with sum frequency and local oscillator sum generation geometry. See the text for
details.

To obtain the surface sensitive information, a spectrum was acquired using an Andor
Shamrock 300 spectrometer equipped with an Andor Newton EMCCD camera. The surface
vibrational spectrum of the sample was isolated from the two combined SFG beams with Fourier
transformation filtering. The SFG signal recorded by the CCD (Figure 7a) displayed high
frequency modulation due to the interference between the GaAs generated heterodyne LO and the
surface generated signal. The high-frequency spectral modulation corresponds to the 2.1ps optical
delay. Once the optical spectrum is Fourier transformed, the signal shows clear peaks at ~+2.1ps.
The spectroscopic peak at 2.1ps was subsequently down shifted to be centered at zero-frequency.
A second inverse Fourier transformation displays the desired spectrum of the surface monolayer,
with an extremely broad peak from 2700 — 3700cm ! attributed to the O-H group in the phenol
(Figure 7¢). Importantly, the identified spectrum in Figure 7¢ shows overall consistency with the
phenol spectra of Figure 4, measured by transmission spectroscopy.

I11. Optimization of O-H bond breaking.

The integrated intensity of the surface bound O-H vibrational spectrum in Figure 7¢ served
as the AFC signal for laser pulse shape optimization to enhance breaking the phenol O-H
hydrogen-oxygen bond. The delay between the control pulse and the HD-SFG pulses was set at

100 picoseconds*’. An advantage of using a monolayer with phenol as the exclusive photoactive

15
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species is that only the total peak area in Figure 7¢ is needed for the surface composition feedback
optimization signal. By utilizing a broadband femtosecond laser, the technique provides an
instantaneous probe of more than ~1000cm™! of bandwidth, as evident in Figure 7¢. A period of 10
seconds of signal averaging was sufficient to obtain reliable data (9 seconds of data collection and
1 second delay between consecutive control pulse shapes). The surface was placed on a translation
stage such that each control laser pulse combined with its interrogating response was applied at a
new location on the sample for signal averaging. The translation speed of the sample was 30
microns per second. The sample was raster scanned in X and Y directions. The spacing between
successive horizontal scans was 100 microns.

A standard genetic algorithm was used to guide the optimization of the AFC experiment.
The algorithm consisted of a 30 member population of pulses per generation*!. Each generation
was placed on a separate scan line of the sample. The sample was 1x1 c¢m in size, which allowed
a space for ~90 generations of the optimization. At each optimization step the mutation rate was
10% and the crossover rate was 25%. As stated earlier, the shaped optical control pulse centered
at 400nm was chosen such that it has no linear absorptive bond-breaking interaction with the
surface bound molecular sample. The control pulse was compressed to ~ 50fs duration in free
space. The control beam interacts with the molecules at second order for deprotonation, which is
physically significant; if a linear first order interaction with the field is present, then it would likely
dominate the optical response and lose the physical significance of the control phase modulation.
In contrast, the second order interaction is sensitive to the shape of the electromagnetic field, which
is captured by the spectrum being second order in the electric field, E@")(w),

E@") () = [E(w)E(w — w1)dw, 3)
where E(wq) is the shaped electromagnetic field centered around 400nm. Consequently, the

efficiency of the two-photon excitation is proportional to the spectral overlap of the complex

16
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surface bound molecular susceptibility a(w) spectrum with E?")(w). In terms of the control
amplitude A(w), control phase @ (w), and the initial optical field Ej,(w) of equation (1), the two-

photon excitation probability becomes
Pex = [ a(w)exp(i(@(w1) + ¢(0 — ©1)))Al0)A(0 — ©)Ejy(0)E;, (0 — o) dodo; “4)
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Figure 7 (a) Spectral interference recorded by the CCD. Here, and in (b) and (c), the blue color corresponds
to the start of the optimization, and the red color refers to the results at the end of the optimization. (b)
Fourier transformation of the intensity distribution in (a). (¢) Vibrational spectrum of the surface sample
(see the text for further details), which is attributed to the O-H stretch consistent with that shown in Figure
4 by direct surface absorption over the large sample area. The reduction in the OH signal from the initial
and final pulse corresponds to the results shown in Figure 8a.
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The efficiency of the two-photon absorption and subsequent deprotonation can be manipulated by
the presence of phase factor exp(i(¢@(w1) + @(w — w1))), which can be varied to maximize P,,.

The successful use of the SFG feedback signal in the AFC experiments to enhance the
breaking of the O-H bond was demonstrated utilizing a genetic algorithm to guide the evolving
sequence of control fields. An initial transform limited field was utilized (i.e., included in the
population of the 15t genetic algorithm generation) coming from the pulse shaper as determined by
optimized self-diffraction in a quartz crystal. The genetic algorithm optimization identified a
shaped pulse with a ~40% decrease in the O-H bond signal after only ~90 generations. The most
effective laser pulse at the last generation was produced by a phase mask with a complex form
(i.e., digitized over equally spaced spectral windows) shown in Figure 8b. The optimized temporal
pulse intensity in Figure 8¢ was obtained by the Fourier transformation of the phase mask: A full
interpretation of the control mechanism is likely complex, as implied by the temporal intensity
profile in Figure 8¢, possibly including coupling to the electrons in the phenol benzene ring, and
the details of the conical intersection crossing in Figure 2 that eventually lead to the loss of the
hydrogen. Furthermore, the continuing decrease in the deprotonation signal in Figure 8a suggests
that further AFC optimization could lead to a higher yield. The broad spectrum of the O-H stretch
likely implies the expected presence of water on the surface of the sample. The two-photon
absorption of water occurs in the wavelength range shorter than 200 nm and is not accessible for
the second order process driven by 400nm pulse. Future investigation will be needed to clarify the
role of the surface water in the coherent control of phenol in the deprotonation process. Finally,
we remark that the pulse shape on the surface of the sample might be significantly different from
that of the pulse in free space. The surface molecules are illuminated by the incident and surface

reflected waves possibly along with the complex optical interactions. Only further, likely
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elaborate, experiments could reveal the underlying details of the OH bond breaking control
mechanism.

Utilizing ultrafast optical pulses for promotion of a chemical reaction can render thermal
effects as negligible. This matter is particularly important with surface chemistry where heating
could interfere with the shaped control field dynamical effects. The SAM is functionalized with a
thin layer of SiO, that is transparent to 400nm radiation. For the temperature rise estimate we take
a worst-case scenario of considering the underlying substrate to be strongly absorbing Silicon. As
an assessment of this issue, the refractive index of bulk silicon at 400nm is 5.56, consequently the
reflection coefficient of silicon is 0.48. Therefore, for a single laser pulse only ~ 0.52 microjoule
is transmitted into the silicon bulk. For a 100 micron beam waist, typical upon application of the
400nm laser pulse in our experiment, we estimate that the temperature rise on the surface is limited
to ~95°C. The phenol O-H bond dissociation enthalpy obtained by photofragment dissociation
spectroscopy* is 364.7kJ/mol. The thermal energy kgT after pulse absorption, assuming a
temperature rise of 95°C, is 3.27kJ/mol. Thus, the thermal energy is two orders of magnitude
smaller than the dissociation energy of the O-H bond, consequently the effect of the temperature
rise is expected to be negligible in the present experiments. The Si-O bond has an even higher
dissociation energy of 452 kJ/mol and should stay intact. The same conclusion can be reached for

all other covalent bonds involved in the experiment.
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Figure 8. Quantum control optimization of deprotonation from the phenyl O-H bound to the
surface sample (see Figure 1). (a) The genetic algorithm optimization identified a shaped pulse
that is 40% more effective at desorption (Generation 88) than an unshaped laser pulse (Generation
1); the output of the best pulse that results is shown in each generation. (b) The digitized acousto-
optic phase mask, corresponds to the final best pulse in (a) at generation 88. (c) Temporal pulse
intensity of the field corresponding to the mask in (b) The evident structure implies that complex
dynamics are likely occurring to produce the deprotonation process.
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IHI.  Conclusion.

In summary, we have experimentally demonstrated the ability to control a specific surface
reaction (i.e., O-H deprotonation of phenol) using tailored laser pulses. This task was accomplished
by employing closed-loop AFC optimization of the signal using HD-SFG to monitor the changes
in surface chemistry. The deprotonation of the surface bound phenol group was promoted by
manipulating vibronic dynamics through two photon excitation with shaped 400nm laser pulses.
It is well known that the promotion of the vibrational excitation might lead to more efficient
dissociation reaction 4-4¢, The control pulse employed in this work contains a significant
bandwidth on the order of 2200 cm! capable of exciting a broad range of motions such as the C-
O stretch, at 1230 cm™ and O-H libration at 650 cm™'. Due to the ultrafast nature of excitation and
reasonably long vibrational dephasing, multiple excitations of the vibrational modes can come
with different relative phase relations, possibly further promoting interesting effects in the
deprotonation process. Additional investigation utilizing pump-probe and other techniques are
needed to provide a better understanding of such processes. Although the experiments didn’t
directly reveal the details of the control mechanism, further experiments and modelling for that
purpose would be a valuable addition in the future. In the realm of surface control, a fundamental
next step would be the demonstration of differential manipulation of competing surface reactions
(e.g., either breaking one type of bond vs another or isomerization of one molecule vs another). It
would be beneficial to work with species (i.e., containing N-H and O-H bonds) having SFG spectra
that can be simultaneously acquired with a given setting of the laser system, covered by the
available bandwidth. Such a resolution did not allow us to observe the C-H stretch of phenol at
3090cm!. The improvement of the spectral resolution will be highly beneficial for a subsequent

work as it would allow one to observe the surface spectra in more detail for a better identification
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of the processes involved. The time resolved pump-probe experiments will allow one to observe
the dynamics of the deprotonation under complex excitation scenarios. In this regard, experiments
on a solid support are challenging as they require illumination of fresh portions of the surface for
each control pulse. At the same time control of surface molecules on a solid substrate is an
important practical goal, as a great number of the technologically important processes can occur

in such an environment.
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