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ABSTRACT

A monolayer of 4-nitrothiophenol adsorbed on an Au substrate was heated by illuminating the substrate with a 19 ps laser pulse of 532 nm
wavelength. Within 91 ps, the temperature of the sample increased from room temperature by 113 K. Vibrational sum frequency spectroscopy
was used to characterize the adsorption geometry of the molecules in the ordered domains in the monolayer film. Upon heating, the initially
ordered monolayer largely lost its structure. While the molecules are initially tilted by about 50° with respect to the surface normal, the
analysis indicates that the mean tilt angle increased to 80° with a spread for individual molecules of up to a tilt angle of 40° upon heating. The
evolution of this loss of order lagged about 100 ps behind the temperature rise of the substrate.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0231489

I. INTRODUCTION

Vibrational sum frequency spectroscopy (vSFS), to which
Yuen-Ron Shen, as a pioneer,’ has devoted most of his academic
career, has over the last decades evolved to be the prime experi-
mental tool for studying not only the static properties but also the
dynamics of molecular systems at interfaces.” It is not only the inher-
ent surface selectivity that grants it this dominant role, but further, it
plays out to our advantage that the strict selection rules result in sim-
pler spectra, particularly when studying well-ordered systems, such
as self-assembled monolayers (SAMs) or Langmuir-Blodgett (LB)
films. ™

Energy transport across interfaces and in layered systems is a
question of fundamental importance. Concepts that have been suc-
cessfully applied at the engineering level may not provide insights
at length scales of molecular dimensions, especially when tem-
porarily sharp gradients exist that result from ultrafast energy
impact. Energy flow in and between electronic and lattice degrees of

freedom of materials with rigid structures, such as metals and inor-
ganic semiconductors, has been studied intensively.”” However, the
literature is sparse when it comes to the energy transport along the
axis of the molecules forming a monolayer between a solid sub-
strate and air or vacuum. In seminal works, Wang and co-workers®
have addressed this problem by utilizing an ultra-fast laser to heat
the metallic substrate to a thiol monolayer and time-resolved vSFS
to characterize the response. A small number of systems were then
studied.”"” Molecular dynamics simulations have shed light on these
dynamics from the theory side.'"""”

In this paper, we report on the dynamics of a SAM of 4-
nitrothiophenol (4-NTP) on a flat Au substrate. vSFS on the sym-
metric NO; stretch, the molecular group pointing away from the
substrate, was used to gain insight into the temporal evolution of the
order in the monolayer. A 19 ps long pulse of 532 nm light heats a
thin metal film from the backside. Over the course of 91 ps, a temper-
ature rise of ~113 K is induced at the surface, onto which the SAM is
adsorbed. Under these conditions, hot electron mediated vibrational
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excitation has a negligible effect. We present evidence that with a
time lag of about 100 ps following the temperature increase in the
Au substrate, the molecular order largely disappears. To this end,
we exploit the possibility of analyzing vSF spectra obtained with dif-
ferent combinations of the polarization of the light beams involved
to gain insight into the orientation of the adsorbed molecules. Our
study differs insofar from earlier work, as the longer laser pulse
length used for heating suppresses the influence of hot electron scat-
tering events on the transient spectra, allowing us to better isolate
the changes in conformational order and to quantify these.

Il. EXPERIMENTAL

A scanning vSF spectrometer with ~12 cm™ resolution was
used (Ekspla PL2231 and PG501DFG) that utilizes tuneable IR and
532 nm light pulses of 19 ps duration at a repetition rate of 50 Hz.
Pulse energies of 280 uJ (532 nm) and 10-30 uJ (IR) were employed.
The 532 nm laser beam is split into two portions (50:50): one is used
for upconversion in the vSFS, while the other is used to flash-heat
the sample.

The polarization of the IR light is set using a 1/2-plate. Only p
polarization is used for the experiment. The 532 nm light used for
upconversion passes a combination of two Brewster type thin film
polarizers and a 1/2-plate to control intensity and polarization. It
was experimentally verified that the pulse energy of the 532 nm light
did not change by more than 3% in the sample when switching from
sto p polarization. The sum frequency (SF) light is directed by dielec-
tric mirrors to the detector. This path introduced an error smaller
than 3% in the detection efficiencies for s and p polarized light. The
polarization of the SF light is defined by a polarizer placed in front
of the photomultiplier registering the signal.

A sample stage was employed that permitted the direction of
a laser beam at normal incidence onto the backside of the sample.
Moreover, the sample was slowly rotated around its center normal
and the probe spot placed off-center, such that, over time, differ-
ent areas were utilized for the experiment. The IR and upconversion
light beams were directed at the front of the sample under inci-
dent angles of 44° and 54°, respectively, and have surface spot sizes
(FWHM) of 1.2 and 1.9 mm, respectively. A translation stage with
8 fs resolution was used to control the delay between the heating
and probing laser pulses. For each data point, typically 361 laser
pulses were sampled and averaged. As the experiments are required
to record spectra at multiple delay line positions, it may take up to
24 h in total for one run. At each delay line position, a pair of spectra
were recorded with the flash-heating laser pulse blocked and pass-
ing through a shutter. This allows us to rule out misleading effects
from unaccounted degradation of the sample over the time of an
experimental run.

The samples, 10 x 10 mm?, were prepared at the local optics
shop using commercially available glass cover slips (Menzel-Gléser
1, thickness 0.19-0.23 mm) as substrates, onto which first a 13 nm
thick contact adhesion layer of Ti was deposited and then a 30 nm
thick Au film. We settled on these two thicknesses after extensive
testing as they provided stable systems, ensured that the Au film was
closed, and resulted in a heat capacity small enough to allow us to
obtain a significant temperature jump. Less than 10% of the 532 nm
light penetrates from the backside through the film structure. Details
of the monolayer preparation have been reported before.'”
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The spectra were fit using the following established
expression:' '’
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where X]E,ZR) is the second order susceptibility leading to a non-
resonant background. A, w, and T are the vSF line strength, the
position, and the width (HWHM) of the vibrational resonance,
respectively. wjr is the frequency of the incident IR light. The para-
meters are real and always have a positive value in our model. &
is the phase difference between the non-resonant background and
the molecular susceptibility. At 1342 cm™", the non-resonant back-
ground is relatively small in comparison to spectra recorded in the
CH stretch region. Nevertheless, it causes a non-Lorentzian line-
shape, indicating that the phase difference is not equal to /2. It is
worth noting that contributions from X(3> arising from the oriented
dipole moments of the NO, groups are present, which similarly to a
non-resonant background influence the lineshape.'® However, this
contribution cannot be quantified by us.

In this case, two distinct sets of fit parameters yield an identi-
cal spectrum.'” However, by (i) recording the spectrum using the ssp
and ppp polarization combinations, (ii) obtaining for both spectra all
possible sets of fitting parameters, and (iii) comparing the predicted
intensity ratios to calculated ones, we were able in a previous publi-
cation'’ to identify the correct parameter set. For further details, the
reader is referred to the supplementary material.

The experiment requires a reading of the sample surface tem-
perature with the time resolution of the laser system, namely, ~10 ps.
Following earlier work in the literature, we used the change in reflec-
tivity as a proxy for the temperature.'® For this purpose, the reflected
intensity of the 532 nm light used for upconversion was utilized. The
measurement was calibrated by collecting data when the sample was
stepwise heated from room temperature to 440 K. Part of the incom-
ing light was reflected onto one photodiode, PD1, to monitor the
intensity while another, PD2, recorded the intensity reflected from
the sample. The normalized reflectivity change is then given by

PDy(T) _ PD,(0)
AR(T) R(T)-Ro _ #b,(T) ~ PD,(0)

RO) ~R(O) 2O

_ PD,(T) PDy(0)
" PD(T) PD,(0)

1=mAT, (2)

where R(0) is the reflectivity at room temperature and R(T) is the
one at temperature T. A linear fit to the data obtains the slope m. The
reflectivity change is for s polarized light only a 1/4 of that observed
for p-polarized light. For this reason, only p-polarization was used
for these measurements. The data from two such measurements
using different samples are displayed in Fig. 1.

The data are well represented by a linear dependence, with a
coefficient of 6.8 (3) x 107* K™ (Table I). Note that we subse-
quently always recorded the temperature concurrently with time-
resolved spectra. For this purpose, a shutter blocking the flash-heat
pulse could be closed. We expect the adsorption of a SAM to not
significantly affect the surface reflectivity.
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FIG. 1. Change in the surface reflectivity for p polarized light when elevating the
temperature (static heating), recorded using two different samples. The straight
lines are fits to the respective colors’ data points. The vertical intercepts were fixed
at 0. Data points with positive reflectivity changes were ignored when fitting. The
slopes obtained were —6.79 x 10=* K=" (black) and —6.78 x 10=* K=" (blue).

TABLE I. Slopes and error margins of the thermoreflectivity calibration measurements
on an Au(30 nm)/Ti(13 nm) sample.

Measurement
Fit parameter ml m2 m
Slope m (107* K™) -6.79 -6.78 -6.79
Standard deviation o (107* K1) 0.30 0.54 0.31

Ill. RESULTS
A. Sample heating

Figure 2 displays the recorded development of the sample tem-
perature when pumping the sample. A temperature jump exceeding
100 K is observed. After about 500 ps, the observed temperature
slowly decreases again.

150 : - : :
. s ® e
100 — —
%3
[
< 50 -

FWHM =91 = 10 ps
ATpma =113 22K

-500 0 500 1000 1500
Pump-Probe Delay [ps]
FIG. 2. Temperature transient of the Au film as extracted from the reflectivity

changes. The data are fitted by Eq. (3). The point of zero delay is extracted from
the fit (fo).
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In order to quantitatively evaluate the data, the cumulative
distribution function, cdf, was used,

1 ¢ I 41\2 ,
cdf (t) = To + EATmax(l + /t‘, exp [_(tz(ri())]dt ), (3)

0

where T is the idle temperature of the sample, AT max is the final
temperature increase, and f; is the midpoint in the increase (for a
general discussion of laser-induced heat transport, consult Ref. 19).
Fitting the data yields values of 113 + 2 K for ATmax and 91 + 10 ps
for the full width at half maximum (FWHM = 2v/2 In 2 o) of the
Gaussian heat transfer underlying the temporal profile. The latter
must be compared to the duration of the heating laser pulse of 19 ps
(FWHM). This broadening by a factor larger than three needs to
be explained. The penetration depth for 532 nm light is ~13 nm in
Ti and ~20 nm in Au. Hence, the heating light is predominantly
absorbed in the Ti film. Ti has also the larger electron-phonon
coupling constant, G.””*" Hot electron diffusion in the two-layer
system® and heat conduction transport energy to the surface””
eventually result in thermal equilibration. As the temperature is
measured optically from the front side and the penetration length
is smaller than the Au film thickness, the measurement will sample
the temperature effect on the top 10-20 nm. The fitted curve will
be regarded as representing the temperature of the bath of lattice
vibrations with which adsorbed molecules are interacting.

B. VSF spectra at elevated temperatures

Figure 3 displays the vSF spectrum of the symmetric stretch
(vs) of the NO, group of 4-NTP at various sample temperatures
established by static heating (top) and recorded at different delay
times between the heating pump pulse and SF probe pulse pair

static d -o- 310K

SF Intensity [a.u.]

1320 1335 1350 1365 1380

Wavenumber [cm™]

FIG. 3. vSF spectra of 4-NTP, recorded in ppp at various elevated temperatures,
when the sample is heated using a conventional static heater (top panel) and by
means of a laser pump pulse (bottom panel). In the latter case, the temperatures
were inferred from the concurrent measurement of the reflectivity.
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(bottom). In the latter case, the datasets are labeled by the tempera-
ture values that the concurrent reflectivity measurement suggests as
temperature for that delay. The (vs) mode at 1342 cm™ is spectro-
scopically isolated from the CH stretching modes around 3000 cm ™,
and the C-C stretches in the range of 1540 to 1600 cm ™', belong-
ing to the phenyl ring. The anti-symmetric stretch, which is found
at 1530 cm ™', carries very low intensity in vSFS. The dips in the
spectral profile at 1340, 1363, and 1375 cm™" are due to IR light
absorption by the moisture in ambient air. Attempts to correct the
spectra turned out to be futile in view of the dependence on vary-
ing levels of humidity and unnecessary in view of the generally large
error margins when fitting the ssp spectra. In the static experiment,
a decrease in the intensity of the vibrational band was observed with
increasing temperature. The peak intensity decreases at the begin-
ning almost linearly with temperature until, starting from 400 K,
the feature rapidly becomes unresolvable. At 400 K, only 65% of the
initial peak intensity is observed.

C. Flash heating

In the laser-heated experiment (Fig. 4), the development of the
spectra with temperature is qualitatively rather similar. We regard
the differing absolute intensity as an experimental artifact, likely due
to slightly different experimental conditions. However, a detailed
inspection reveals the dynamics we are interested in.

Further insight is obtained when examining the evolution of
the molecular peak intensity as a function of the pump-probe delay.
To this end, the time-dependent spectra were fit using Eq. (1), and
the obtained parameters are displayed in Figs. S2 and S3. From the
fit parameters, we calculate the molecular intensity, I, = (A/T)%,
in order to isolate the molecular response from one of the com-
bined NTP/Au system (Fig. 5). I, is the fictive intensity one would
observe if the non-resonant background were not present. In order

I | I
== -530ps -e= 170 ps

20— Ppp —o—--230ps  =e-270ps [
-o— -10 ps -o= 470 ps
5ps —e— 720 ps
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=o— 1470 ps

1.0 — =
E
g 051 _
K
2 00~ =
2
g 10 °°P -
= — 522ps - 128 ps
L -e— -222 ps =-e— 178 ps
» 08+ - -2ps —o- 278 ps | —
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0.6 — 53 ps —- 978 ps | |
—o— 78 ps 1478 ps
0.4 -
0.2 — - .|
&= | |
1320 1340 1360 1380

Wavenumber [cm™]

FIG. 4. vSF spectra of 4-NTP, recorded using the ppp (top) and ssp (bottom)
polarization combinations at different delays between the pump and probe. The
indicated delays have been calibrated by fitting the data shown in Fig. 5.
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FIG. 5. Evolution of the molecular SF intensity (in ppp and ssp) as a function
of the pump-probe delay. The molecular intensity is obtained by fitting the time-
dependent spectra and normalizing the values to the ones at negative delays.
Depicted is further what would be predicted if the attenuation followed the evo-
lution of the surface temperature as experimentally determined by the reflectivity
measurement (dashed lines). The solid lines are fits using the model formulated in
Eq. (4). The fit results are listed in Table II.

to connect these transients to the temporal evolution of the surface
temperature, we employed the fit curve derived above (Fig. 2) and
the observation that the reflected intensity decreases linearly with
temperature over the range of temperatures studied. Hence, it is only
necessary to scale the curve to the maximum attenuation observed
for large delays. It is evident that this prediction does not repre-
sent the data well. Even if one allows for slight non-linearity in the
temperature dependence of the molecular intensity, the discrepancy
persists. It is, therefore, concluded that a time lag must exist between
the surface temperature rise and the local temperature that governs
the molecular intensity.

As we have seen that the reduction in reflectivity is a good linear
proxy of the surface temperature, we can directly use this quantity.
On the other end, we saw that the peak intensity of the molecular sig-
nal decreased linearly with the substrate temperature. Hence, we can
directly formulate a two-temperature model using the reflectivity,
Rq.p> and molecular intensity, I,

1
dlmol = (B Rsub - Imol) ; dt: (4)

where B serves to scale the temperature effects on the two quan-
tities. 7 is the time constant for the equilibration in temperatures
between the substrate and molecular spectral intensity of the v; mode
of 4-NTP.

By integrating this differential equation, we obtain the curve to
fit the data. The cdf fit curve displayed in Fig. 2 is used for Ry, as
a function of time. The fit indicates for the time constant 7 a value
of 130 + 23 ps when using the ppp data. Evaluating the ssp data, we
obtain 62 + 21 ps (Table II). Thus, first of all, the response by the
molecular intensity is significantly delayed with respect to the tem-
perature rise at the surface, and second, the time lag appears to differ
by a factor of 2 when probing with different polarization combina-
tions. The latter effect is too large to be explained by experimental
uncertainties. The observation may at first glance be irreconcilable,
given that the molecule and substrate are identical in both cases and
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TABLE Il. Compilation of fit results and errors (confidence interval = 10) of the profiles
in Fig. 5to Eq. (4). Rwas inferred from the cdf fit curve to the reflectivity measurement
(s. Fig. 2).

7 (ps) By to (ps)
PP 130 + 23 0.50 + 0.01 0+11
ssp 62 + 21 0.42 + 0.02 0<+14

we probe at the identical vibrational mode. It is also noteworthy
that this observation corroborates that the signal attenuation can-
not be attributed to the excitation of the vibration itself by, e.g., a
hot electron scattering mechanism, as the population of the vibra-
tionally excited states would influence the molecular intensity in
both polarization combinations to an identical extent.

It needs, however, to be recalled that the ppp and ssp polariza-
tion combinations probe different components of y', which is a 3rd
rank tensor. Hence, a more detailed examination of the equations
that describe the components of ¥ is warranted. The theory con-
necting y? to the amplitudes, A, governing the spectrum and the
considerations of the restriction that molecular symmetries impose
on the individual components shall not be repeated here again. For
detailed discussions, the reader is referred to the seminal work by
Shen,"*’ Hirose et al,”**” and Wang et al.”®

IV. DISCUSSION

The tensor components are affected to varying extents by shifts
in the mean tilt angle of the symmetry axis of the group probed
with respect to the surface normal and its distribution around the
mean value. In the case of 4-NTP, the group’s and the molecule’s
symmetry axes are identical. In previous work,”” we found that
4-NTP preferentially adsorbs in a 2 x 2 structure with a mean tilt
angle of about 50°, in which case the anchoring sulfur atoms are 8 A
apart. Note that local probe experiments indicate that 4-NTP mono-
layers exhibit well-ordered domains coexisting with areas of flat
lying molecules.”” However, we will continue the discussion ignor-
ing the latter domains, as the molecules in these are not expected to
contribute significantly to the vSF signal of the NO, v, stretch.

It is straightforward to deduce ngzz) and X;sz) as a function of
delay from the recorded ssp and ppp data (Fig. 6). The ssp data

are only dependent upon X;sz) , while the ppp data are dependent

upon Xz(zzz) and X,&,Q }Syzz) and ng) have identical values in achiral,

azimuthally isotropic systems. As is common practice, we neglect
the contribution of the tensor components X§§2 and Xg)? to the
ppp intensity, as they are small on metal substrates’ (see also the
supplementary material for calculated values) and partially cancel
out when the molecule is not in resonance with either the upconver-
sion or SF light.”*** Two of the equations discussed in the review by
Wang et al.”’ [s. Eq. (24)] can be used to setup a system of two equa-
tions with Xz(fz) and X;fz) as only unknowns. The material constants
that one needs to know and the values used are given in Table S2.

A fit to the ng) data indicates a time lag of 83 + 21 ps with respect
to the surface temperature transient. The value lies in between the
two obtained when evaluating the molecular intensities. The data for
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FIG. 6. XZ(ZZZ) and Xfxzz) as function of pump—probe delay. XX(XZZ) and Xy(yzz) are identical.

The blue solid lines are a fit using the model formulated in Eq. (4) to the XX(XZZ) data
point.

)(Z(ZZZ) are rather noisy, but if it carries any information at all, a rapid
increase to a 10% larger value is indicated. Inspecting the fit curves

closer, it is noted that the quality of the fit to X§j2 is better when
compared to the one to the ssp molecular intensities.

Figure 7 displays the calculated dependencies of the two tensor
components of interest as a function of tilt angle for different widths
of the distribution in that quantity. Note that an increase of )(Z(ZZZ) is
consistent with the calculation for a widening of the distribution,
provided the mean tilt angle is larger than 40°, a claim that is sup-
ported by earlier experiments. On the other hand, in this scenario,

ng) is expected to decrease, as just suggested by our data evaluation.
This finding allows us to also understand the difference in the
time evolution between the ssp and ppp spectra. It arises because the

ensemble averages over XZ(ZZZ) and ng),yyz evolve differently in time.
However, the latter is by the end not surprising as these two tensor
components have different dependencies on the mean tilt angle and
the width of the distribution around it. Closer inspection of Fig. 7

1.0 H ] I -
— g =0°
(2) — 0 =10°
Azzz m— O = 20°
08 o =30°(
— O = 40°
— o =50°
3 o6l -
o
r~
5,
S 04l -
xX
(2 ()
0.2 Axxz, Xyyz .
0.0 I I I I -
0 20 40 60 80
Tilt Angle [°]

FIG. 7. Calculated dependence of XZ(ZZZ) and XX(XZZ) on the tilt angle for a range
of assumed distributions with varying widths. The vertical arrows indicate the

direction in which Xi/(kZ) shifts if the spread in tilt angles increases.
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reveals that ng),yyz rapidly decreases as the mean tilt angle increases,
starting from its room temperature value of about 50° and a mod-
erate width. An increase in width enlarges this effect. In contrast,

for XZ(ZZZ) the effect of an increased mean tilt angle is at least partially
compensated by the effect of an increase in width. Hence, when the

structural change has developed to some extent, the effect on Xj(cfz),yyz
may be more pronounced than the one on the sum of X,((QW and

XZ(ZZZ) . For the temporal evolution, it is important to note that the
developments are not linear in tilt angle change. Hence, it would
be odd if the two apparent time constants derived from the ssp and
ppp spectra were not different. The time constant representing the
microscopic processes could only be determined by modeling the
evolution of the structure of the adlayer. Hence, we restrict our-
selves to conclude that the time lag with respect to the substrate
temperature rise is about 100 ps.

If one wants to assess the interplay between possible shifts in
the mean tilt angle and the widening of the distribution, a detailed
discussion of the observed intensity changes and the shift in the ratio
of the ssp to ppp molecular intensities is necessary. This enables the
formulation of the constraints that can be inferred from the data
(for details, consult the supplementary material). It is found that the
mean tilt angle increases from the 50° + 8° observed for the cold
sample with a rather narrow distribution reflected by o = 8° + 8°.
The heated sample exhibits a very wide distribution of tilt angles
centered around 80° + 7°/ — 8°. This suggests an interpretation that
the initially well-ordered domains on the surface break up as the
molecules adsorb heat. Having overcome the attractive intermolec-
ular interaction resulting from the stacking of the phenyl rings,
the molecules carry out large amplitude pendulum motions. It is,
therefore, preferable to refer to this process as disordering rather
than reorientation. Such a scenario is likely because the well-ordered
domains are already small to begin with and coexist with less densely
packed domains, indicating an intermolecular interaction too weak
to coerce a perfect crystalline assembly, leaving plenty of available
space for molecules that want to break out of order. However, the
loss of order must be recovered within the 7 s that elapse before the
same spot is tested again on the constantly rotating sample, as we
observe the vSF signal returning to its original level.

It needs to be pointed out that the quantitative analysis involved
material constants (see the supplementary material) that are only
known with poor accuracy, in particular the refractive index of
the adlayer, n4,. We tested a range of values from the literature
(n44 between 1.2 and 1.65) and found that the qualitative conclusion
just discussed is supported by everyone. For example, the mean tilt
angle for room temperature becomes 66°, and the distribution after
flash-heating spreads over a narrower range of angles from flat-lying
to somewhat uptilted for n,, = 1.2 when compared to n,,4 = 1.62.

When comparing our results with the work of Dlott and co-
workers, " it is important to note that we heat the substrate much
more slowly by using a contact layer of 13 nm Ti instead of 0.8 nm
Cr. The consequence is not only that the light is predominantly
absorbed in this contact layer but also that the interaction of hot
electrons with the SAM is less likely since the electron-phonon cou-
pling constant of the d-band metal Ti is larger than that of the noble
metal Au. Furthermore, the lifetime of hot electrons is short com-
pared to the 20 ps laser pulse length utilized here and the expected
lifetime of NO; valence vibrations. Therefore, the density of these

ARTICLE pubs.aip.org/aipl/jcp

is further spread out in time when compared to the 200 fs heating
experiments by Dlott et al. Finally, the somewhat longer wavelength,
532 nm instead of 400 nm, used for flash-heating also reduces elec-
tronic effects. Moreover, thermal excitations of the NO, mode will
not be significant, as for these to be significant, the temperature
remains too low. For that reason, we do not observe the overshoot
in the response at short delays, neither in the surface reflectivity nor
in the transients of the vSF signal attenuation. Thus, we are able to
study the isolated heat transfer due to the interaction with the lattice
vibrations of the Au substrate. Having collected spectra using the ssp
and ppp polarization combinations allows us to analyze the adsorp-
tion geometry of the molecules in this state. The analysis indicates
that the ordered structure is largely broken up. The time-resolved
data indicate that the spread of disorder in the SAM evolves with a
time lag of 100 ps with respect to the substrate temperature.

In parallel with the loss of intensity, we observe a shift in
the center frequency and a broadening of the line (for details,
see the supplementary material). These are effects that were dis-
cussed in detail by Berg et al’! and attributed to interactions with
lower wavenumber deformation modes within the molecule. Our
observations are in line with this work.

V. SUMMARY

The response of a monolayer of 4-nitrothiophenol adsorbed on
a thin Au film to flash heating was studied. A 19 ps laser pulse with
a wavelength of 532 nm was directed onto the backside of a 13 nm
Ti/30 nm Au structure to induce the heating. Within 91 ps, the tem-
perature of the sample increased by 113 K from room temperature.
Vibrational sum frequency spectroscopy was used to characterize
the adsorption geometry of the molecules in the ordered domains in
the monolayer film. Upon heating, the initially ordered monolayer
largely lost its structure. While the molecules are initially tilted by
about 50° with respect to the surface normal, the analysis indicates
that the mean tilt angle increases to 80° with a spread for individual
molecules of up to a tilt angle of 40° upon heating. The evolution of
this loss of order lags about 100 ps behind the temperature rise of the
substrate.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the analysis of the
vSF spectra.
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