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ABSTRACT

A self-assembled monolayer of octadecanethiol adsorbed on a thin film of Au was flash-heated by illuminating the structure, further consisting
of a glass substrate and a Ti contact layer, with a 19 ps laser pulse of 532 nm light from the backside, inducing a temperature increase by 113 K
within 100 ps. The details of the temporal evolution of the temperature can be well modeled when taking into account the predominant light
absorption in the Ti layer and the large thermal boundary resistance between the layers. The evolution of the molecular structure is time-
resolved by vibrational sum frequency spectroscopy. While the molecules are initially tilted by 30° with respect to the surface normal, this
order is rapidly lost, whereby the disordering lags 150 ps behind the temperature evolution. After 400 ps, the molecular order is dissolved.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0321396

I. INTRODUCTION

Self-assembled monolayers (SAMs) formed from alkanethiols
on a gold surface are the most extensively studied system of organic
molecular monolayers.' ~ This system was—to the best of our
knowledge—discovered in 1983 by Nuzzo and Allara.” n-alkylthiols
with a number of carbon atoms between 12 and 20 generally form
spontaneously well-ordered layers on carefully prepared gold films,
as the latter exhibit large areas of (111) structure.’

This system has been characterized using a variety of tech-
niques. They include, among others, transmission electron spec-
troscopy,” infrared spectroscopy,” optical ellipsometry,® helium
beam diffraction,” high-resolution electron energy loss spec-
troscopy,'’ scanning tunneling microscopy,'' and x-ray diffrac-
tion.!” Although it is tempting to assume that the structure is of
(/3 x \/3) R30° symmetry, as this is the one of the highest sym-
metry consistent with an epitaxial densely packed arrangement of
the molecules, experimental evidence suggests the coexistence of
two subsets of molecules coexisting in a super-structure commonly
referred to as ¢(2 x 4)""'* —presumable a four alkyl chain per unit
cell structure. From grazing incidence x-ray diffraction (GIXD), it
was inferred that the alkyl chains are tilted by ~30° with respect

to the surface normal toward their next nearest neighbors.'”'” The
chains are tilted because the optimal spacing of Au-S bonds is larger
than the van der Waals radius of the alkyl chain. Hence, they lean
over until tight contact with the neighbor is established. Despite
all the effort, still open questions remain, in particular regard-
ing the role of structural defects in the dynamics at temperature
changes.'*

The response of alkanethiol monolayers to changes in temper-
ature was studied experimentally’® and theoretically.”! Monte Carlo
modeling suggests that when elevating the temperatures between
300 and 400 K, the thermal motions become so large that the alkyl
chains no longer lean against each other anymore, but rather, the
individual molecules carry out pendulum motions. At 400 K, the
mean tilt angle is then 0°. GIXD for a decanethiol monolayer showed
that at this temperature, the layer is molten but the molecules do not
yet desorb.”?

Vibrational sum frequency spectroscopy (vSES) is a versatile
tool to study molecular monolayers because of its surface selectivity
and inherent strict selection rules.”” A welcome effect of the selec-
tion rules is that the complexity of the spectrum is reduced when
compared to IR absorption spectroscopy and that choosing certain
combinations of the polarization of the three light waves involved
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allows us to shed light on the adsorption geometry of the molecules,
in particular when studying well-ordered systems. These advantages
were exploited by several groups to study alkanethiol monolayers
on [xu'LRZ,ZS

In this paper, we report on the response of an octadecanethiol
(ODT) monolayer on Au to a 20 ps heating pulse. A 532 nm laser
pulse of this length heats a Ti metal from the back side, which trans-
fers heat to a 13/30 nm Ti/Au film structure. Over the course of
100 ps, a transient temperature rise is induced at the surface, onto
which the SAM is coupled. We observe that with a time lag of 125 ps,
the molecular system responds. After a time of 400 ps, the molecular
order is dissolved. Data for different polarization combinations and
the symmetric and anti-symmetric CHj stretch were used to shed
light on the evolution of the adsorption geometry and surface order.
With this study, we continue earlier work that studied the response
of 4-nitrothiophenol.*

In a seminal work, Dlott and co-workers’”* reported on the
flash-heating of alkylthiolates on Au(111) using fs laser pulses that,
for a 16 C-atom alkylthiol, the methyl end groups show after ~2.7 ps
the first response, which thereafter progresses with a time constant
of ~8 ps. Extending this study to alkylthiols of different lengths
showed a scaling of the response time with the latter. In this paper,
we focus on the time-evolution of the molecular adsorption geome-
try and discuss it not only in terms of a mean tilt angle but also of the
evolution of the spread of individual ones, which reflects the degree
of order.

Il. EXPERIMENTAL

A commercial pulsed ps laser system (Ekspla PL2231) together
with a tunable OPA/DFG stage (Ekspla PG501DFG) was used to
build a scanning vSF spectrometer with ~12 cm™ resolution. Tun-
able IR (3.3-3.5 ym) and 532 nm light pulses of 19 ps duration at
a repetition rate of 50 Hz were employed in the experiment. Pulse
energies of 280 yJ (532 nm) and 10-30 yJ (IR) were employed. The
532 nm laser beam was split into two portions (50:50): one was
used for upconversion in the vSFS, while the other was used for
flash-heating the sample.

The samples, 10 x 10 mm?, were prepared at the local optics
shop using commercially available glass cover slips (Menzel-Glaser
1, thickness: 0.19-0.23 mm) as substrates onto which, first, a 13 nm
thick contact adhesion layer of Ti, and then a 30 nm thick Au film
was deposited. Details of the monolayer preparation were reported
before.”” The IR and upconversion light beams were directed at the
front of the sample under incident angles of 44° and 54°, respec-
tively, and had on the surface spot sizes (FWHM) of 1.2 and 1.9 mm,
respectively.

A home-built sample stage was employed that allowed us to
direct a 532 nm laser beam onto the backside of the sample at normal
incidence. This beam served to heat the metal layers at the sample
top. Its diameter was larger than that of the beams used in the vSFS.
Less than 10% of the 532 nm light penetrates through the film struc-
ture. The probe spot was placed off-center, and the sample slowly
rotated around its center normal, such that, over time, different areas
were utilized for the experiment.

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
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reflectivity as a proxy for the temperature.’’ For this purpose, the
reflected intensity of the 532 nm light used for upconversion was
utilized and normalized to the incoming intensity. This measure-
ment was calibrated with equivalent measurements when statically
heating the sample.

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. At each
delay line position, two spectra were recorded, one with the flash-
heating laser pulse blocked by a shutter and another with the light
passing through this shutter. This allows us to rule out misleading
effects from degradation of the sample over the long course of an
experimental run (up to 24 h). To monitor the reproducibility of the
flash-heating, the incoming and reflected intensities of the upcon-
version beam were recorded together with the vSES spectra for both
situations.

For the IR light, only the p polarization was used, adjusted using
a A/2-plate. The 532 nm light used for upconversion passes through
a combination of two Brewster type thin film polarizers and a A/2
plate to control intensity and polarization. The polarization of the
detected SF light is defined by a polarizer placed in front of the
photomultiplier registering the signal. It was verified that switching
between the polarization combinations did not alter the sensitivity
by more than 7%.

The spectra were fit using the following established
expression:l 1

A;
wR — w; + il >

(o) o “X&)‘ +2 et 1

where ngziz) is the second order susceptibility leading to a non-
resonant background due to the interband transition in Au. Aj,
w;, and T; are the VvSF line strength, the position, and the width
(HWHM) of the vibrational resonance i, respectively. wyr is the fre-
quency of the incident IR light. The parameters are real and always
have a positive value in our model. &; is the phase difference between
the non-resonant background and the molecular susceptibility.
Fitting the experimental spectra with this model allows us to
extract the A and T values for all identified modes and to use these to
calculate a hypothetical spectrum that would be observed if the non-
resonant background were not present. The intensity of a mode in
this spectrum, |A/T|?, is what we refer to as the molecular intensity.
It is well-established knowledge that the set of fit parameters is
not unique in the case that a non-resonant background is present.’”
In fact, up to 2(N — 1) sets exist that each result in the identical
fit curve, where N is the number of resonances. To overcome this
ambiguity, we have rigorously calculated the phases of the various
resonances. However, these depend on the tilt angle of the symme-
try axis of the molecular groups, CH, and CH3, with respect to the
surface normal. For the detailed results, the reader is referred to the
supplementary material. It is important to note that the tilt angles of
the symmetry axes of the molecular groups are not identical to the
one of the molecular axis in the all-trans configuration. The results
suggest that the anti-symmetric stretches of CH, and CH3 share the
same phase, irrespective of the polarization combination. The same
is true for the symmetric stretch in the ssp combination, while small
differences are calculated for the ppp combination. However, these
differences are too small to significantly influence the fits, given the
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experimental uncertainties. The offspring are such that the phase
difference between the different modes can be regarded as inde-
pendent of the tilt angle. Only one phase difference, namely, the
one of the set of molecular stretching vibrations with respect to the
non-resonant background, is undetermined and treated as a free
parameter.

lll. RESULTS
A. Sample heating

As detailed in a previous publication,”® the change in reflectiv-
ity of the sample surface for 532 nm light with temperature’” was
used to access the transient sample surface temperature. Figure 1
displays the recorded development of the sample temperature when
flash heating the sample. A temperature jump exceeding 100 K
is observed. After about 500 ps, the observed temperature slowly
decreases again.

The basic model describing the heating of a metal surface by
pulsed laser excitation is well established”” and experimentally ver-
ified.”* In order to analyze the result here, however, we need to
consider the optical and electronic properties of the layered structure
and the fact that it is illuminated from the backside. 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 13 nm thick
Ti film. Ti also has the larger electron-phonon coupling constant,
G.”>" Consequently, the laser energy is predominantly absorbed
in the Ti film and converted into local heat such that the Ti film
is initially hotter than the Au top layer. Heat conduction and, to a
smaller extent, hot electron diffusion in the two-layer system®” will
transport energy to the surface layer,”” eventually resulting in ther-
mal equilibration. Hence, we adopt a two-temperature model, one
temperature for a substrate and one for the surface layer,

deub =a fLaser(t) dt,

1 )
deurf = ;(Tsub - Tsurf)dt)

150 — T - T T
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FIG. 1. Temperature transient of the Au film as extracted from the reflectivity
changes (experimental data from Ref. 26). The data are fitted by integrating cou-
pled PDEs [Eq. (2)] (black solid line). A more sophisticated light absorption-heat
transport model gives the transient (red dashed lines). Only when the hindered
heat transport across the interfaces is taken into account is a curve in agreement
with the experimental data obtained (red solid line).
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where fiaser (t) describes the temporal laser profile, which is assumed
to be a Gaussian (FWHM 19 ps); « is the scaling factor; and 7 is the
time constant for the energy transfer from the substrate to the sur-
face layer. Fitting the data yields values of 45 + 16 ps for the transfer
time constant and 113 + 2 K for ATmax. Note that this model fits
the data better than the cumulative distribution function we used
in an earlier paper and attempts to reflect the underlying physics
better.

Nevertheless, the large time constant warrants some discussion.
To gain further insight, we devised a model taking into account
the detailed layer structure. The laser light (1) passes through the
glass carrier, (2) is partly reflected at the glass Ti interface, (3) is
absorbed in the Ti layer, (4) is partly reflected at the Ti/Au inter-
face, (5) is further absorbed in the Au film, (6) is partly reflected at
the Au air interface, and (7) the remaining fraction escapes into the
surroundings. Along the path at each point, the resulting laser inten-
sity and, from that, the adsorbed energy is calculated. In the second
step, the differential equations describing the diffusion of thermal
energy are integrated. For details, see the supplementary material.
The result is a prediction of the temporal evolution of the sample
surface temperature.

That model reproduces the experimentally observed sharp ini-
tial rise better but predicts the rise to continue for too long a time,
whereas the experimental curve slowly approaches its maximum.
This discrepancy can be resolved when the existence of a strong
hindrance to heat transfer across the interfaces between the three
layers—glass, Ti film, and Au film—is taken into account. Ad hoc,
claiming that the thermal conductivity is by about two orders of
magnitude smaller, a curve fitting the data very well is obtained.
This assumption is in line with the large thermal boundary resis-
tance expected for the Au-Ti and Ti-glass interfaces. After the initial
period in which light adsorption in the Au film dominates the evo-
lution of the temperature, the continuing rise is due to delayed heat
transfer from the Ti layer that is transiently substantially hotter than
the Au film. After thermal equilibration between the two metal films,
the further evolution is due to heat transfer to the glass substrate. The
temperature at the surface slowly decreases again.

This last curve, obtained by this detailed model, will be regarded
as representing the temperature of the bath of lattice vibrations with
which the adsorbed molecules are interacting and will be used to
evaluate the time-resolved spectroscopy data. We regard this as a
significant improvement over our earlier work.”®

B. Spectroscopy

A primary objective of this study was to address the question
of which time scale the flash-heated monolayer develops gauche
defects. In a well-ordered monolayer of alkylthiol molecules with
12-20 C atoms, the molecules self-assemble into a densely packed
structure, in which the individual molecules adopt the all-trans con-
formation to profit most from intermolecular interactions. In such a
2D crystal, the arrangement of the CH, groups is essentially cen-
trosymmetric. This proposition holds if the individual molecules
possess an even number of CH, entities. However, it is also equally
justified, if the number of said entities is odd, on the basis of
averaging over domains in which the molecules exhibit different
azimuthal orientations. Consequently, the CH} stretching vibrations
are not discernible in a SF spectrum. This situation changes when the
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monolayer is sufficiently heated, thereby enabling individual
molecules to form gauche defects.”"’

Unfortunately, the literature is ambiguous in its attribution of
certain resonances to CH, modes, particularly with regard to the
Fermi resonance of the symmetric stretch of methylene (df,) and
the anti-symmetric stretch (d”). While the majority of researchers
have claimed that the df, and d~ modes are found around 2905 and
2925 cm ™!, " respectively, Wang and co-workers""*” proposed an
alternative assignment based on polarization analysis of SF spectra.
Some researchers also suggested that the molecule may not exhibit
a df, mode and assigned the signal to a stretch of a terminal CH,
unit, specifically the one adjacent to the functional headgroup of the
molecule.”"* In a recent publication, it was suggested that both of
these latter resonances belong to different d~ modes, namely, two
modes with phases that differ by 7, one of which is found around
2881 cm™! and the other around 2913 cm™."” The first mode was
only observed by Raman spectroscopy, while the second is only
present in IR spectra.

In an attempt to unambiguously resolve this situation, we will
discuss the spectra of two related molecules before the ODT spec-
trum itself is addressed. A clear picture of the spectroscopy and
an understanding of the sensitivity of the spectral fit parameter
to decisions made when assigning the modes are essential for the
data analysis presented later. We opted to record spectra for 11-
azidoundecanthiol (AUT). The substitution of the methyl by an
azido end group results in the removal of the CH3 resonances from
the spectrum, since the Nj stretches are located around 2100 cm™!
and are not expected to interfere with the CH, vibrations. Thus, only
the CH, modes are observed in the 3000 cm™" spectral region.

Figure 2 shows the vSF spectrum of AUT using the ppp polar-
ization combination. Attempts to also utilize the ssp combination
were fruitless, as the signal was insufficient. In a preliminary anal-
ysis of the spectrum, only three resonances, located at 2862, 2905,
and 2934 cm ™!, were considered. If the phase of the third resonance
around 2930 cm ™' is permitted to adopt any value, the fit converges
in such a way that all three resonances share the identical phase.
Thus, one was led to conclude that all three resonances are due to

- - +
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FIG. 2. VSF spectrum of AUT (11-azidoundecanethiol) deposited on 30 nm
Au/13 nm Ti obtained using the ppp polarization combination. The blue line repre-
sents a fit to the data with four resonances (d*, d;, d;, and d};), and the dotted
red line represents a fit with three resonances, i.e., lacking the d~ one.
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symmetric stretches of the methylene chain CH bonds. If the first
and the third resonances are constrained to share an identical phase
difference with respect to the non-resonant background, while the
phase of the second resonance is permitted to adopt any value, the
fit will converge in such a manner that the second resonance’s phase
differs by 1.3 rad from that of the other two, thus suggesting an
anti-symmetric character. This assignment is furthermore consistent
with the relative intensities, as the one of the anti-symmetric methy-
lene modes is expected to be lower by at least a factor of 2. Therefore,
the resonance around 2905 cm ™! is assigned to a d” mode, and the
one around 2934 cm™" to a symmetric mode, more accurately to dy,.

However, it is evident that this initial fit does not represent the
data well around 2885 cm™". Hence, the contribution of an addi-
tional mode may be surmised. Indeed, the data in that range are
much better represented when an additional mode is incorporated.
However, it is observed that the phase difference to the other modes
is around 7. This finding is at odds with the calculated phases, which
suggest a value around 1 rad. This suggests that the additional mode
is of anti-symmetric character. Further on, we will designate the new
mode as d; and the one at 2905 cm™ as d; .

The present assignment is at odds with the majority of
extant literature that exchanges d; and df,.*” In this context, we
would like to direct the reader’s attention toward several IR and
Raman studies of malonic [COOH(CH,)COOH] and succinic acid
[COOH(CH;),COOH], which are symmetric molecules with one
or two methylene units separating the carbonyl groups. The afore-
mentioned studies report the presence of two methylene resonances:
one assigned to the d* and the other to the d~ mode. The separation
between these is ~40-50 cm ™", which is comparable to the separation
between the present assignment’s d* and d; modes.

In order to gain further insights facilitating the band assign-
ment, IR and Raman spectra of powder samples were recorded.
Figure 3 shows the IR and Raman spectra of AUT along with the
Raman spectrum of 11-mercapto-1-undecanol (MUO), which we
recorded as the AUT exhibited strong water signals as the pow-
der drew moisture. The first resonance is found in the IR and
Raman spectra at 2850 cm™', and in accordance with the litera-
ture, it is assigned to the d* mode. This suggests a red shift of
13 cm™! with respect to the SF spectrum of an alkylthiol mono-
layer. For the moment, the strong Raman signal at 2884 cm™" will

- g + +
d* d; d; der der2
100 =
—
90 ~— D
—_ O
S 1 3
e 801 3
g \'\M.\ — AUTIR 4 5
2 70 = AUT Raman (]
£ = MUO Raman |- 73
2 <
g o {1 =
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50 _ c
0 L"‘a:ql
2800 2850 2900 2950 3000

Wavenumber [cm™]

FIG. 3. IR and Raman spectra of AUT (11-azido-undecanthiol) and MUO
(11-mercapto-undecanol). The spectra were acquired from powder samples.
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not be considered. The IR spectrum displays a weak feature at 2893
cm™', which is again offset by 13 cm™" relative to the d, feature
in the SF spectrum. The IR spectrum exhibits a strong band at
2918 cm™}, i.e,, 16 cm™! to the red of the feature in the SF spec-
trum that we assigned to the df, mode, and finally, a resonance is
observed at 2950 cm™'. As proposed by Lu et al,* this absorption
could be attributed to another df, mode. Inspecting the SF spec-
trum around 2965 cm™!, where it would be expected, we identify
a possible signal. However, that signal is too small to allow for a firm
confirmation.

To summarize, we find all modes observed by SFS also again in
the IR or Raman spectrum; however, they are red shifted by 13-16
cm™", The aforementioned signal at 2884 cm™ is the sole exception
to this rule. However, its position almost perfectly coincides with the
feature we have designated as d; .

The insights gained from dissecting the AUT spectra allow us a
robust interpretation of the vSF spectrum of ODT (Fig. 4). We set-
tled on fitting the spectra assuming six relevant resonances (Table I).
(Details are laid out in the supplementary material.) However, it is
noteworthy that the intensities of the r* and #~ modes—which we
will use in the further data analysis—are rather independent from
the number of further resonances accounted for in the fit. The addi-
tional features that significantly improve the fit were found at 2855,
2905, and 2925 cm™'. The mode at 2905 cm™ also appears in the
AUT spectrum with the identical phase difference of 1, suggesting it
should be identified as a second d~ mode.

A comparison of the ssp and ppp spectra of ODT (Fig. 4) reveals
that the d*, ", and rf, modes are found at identical wavenum-
bers. However, the position of the r~ mode differs by 7 cm™,
which was already reported by Bordenyuk et al.** It may be spec-
ulated that this is the splitting between the in-plane and out-of-
plane components of the anti-symmetric stretch moiety. Note that
the equations describing the amplitude are identical for both r~
modes.

3
e )
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g .
: 1 B
& .
17k : i
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: —o— sSp
_ :
3 0.16 - : -
§° 1 B
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> ! .
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£ o012 ' ' -
8
£ '
w 0.08 - ! -
] 1]
: |
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FIG. 4. vSF spectra of ODT on 30 nm Au/13 nm Ti obtained using the ppp and

ssp polarization combinations. The solid lines connecting the data points serve as
guides to the eye.
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TABLE |. Summary of the fiting parameters extracted. d*, r*, and rf and
the unassignable modes share the same phase difference to the nonresonant
background, while the phase differences of d; and r~ are offset by 7.

Parameter ppp ssp
wgr (cm™) 2853+ 1 2854 +3
w,+ (em™) 2880 £0 2876 + 1

w? (cm™) 2899 +3
Wg- (em™) 2904 +2 2912+2
wr (cm™) 2925+2

W (ecm™) 2937+ 1 2935+ 1
w,- (em™) 2963 + 1 2955 + 4
[+ (cm™) 46+1.7 4 (set)
[+ (cm™) 6.3+£0.7 6.5+0.9
[z (em™) 6.5+58
Ty (em™) 11.9+4.2 32434
I (em™) 342

T,s (cm™) 11.0+0.9 10.6+2
T,- (cm™) 6.6+0.9 19.7+2.9
X (arb. w.) 1.45 + 0.00 0.36+0.01
¢ (rad) 1.56 +0.07 1.59 +0.24

C. Flash heating

Figures 5 and 6 display the series of vSF spectra obtained when
flash heating the samples for varied delays between pump and probe
laser pulses. In the flash-heated experiment, the development of the
spectra with delay is qualitatively rather similar to that observed
when statically heating the sample. We regard the differing absolute
intensity as an experimental artifact, likely due to slightly different
experimental conditions. Detailed inspection reveals the dynamics
we are interested in.

Figure 5 shows the remaining molecular intensity observed for
various modes as a function of the pump-probe delay. Data are
available from spectra using the ppp and ssp polarization combina-
tions. It is obvious that the response of the vSF signal is delayed when
compared to the evolution of the substrate temperature (see the top
left panel).

D. Dynamics

We assume that the intensity of the molecular signal decreases
linearly with temperature over the range studied. Hence, we can take
the molecular intensity directly as a proxy for the temperature of the
molecule—or more precisely, for the temperature relevant for the
particular mode we are studying. In Sec. III A, we derived a curve
describing the evolution of substrate surface temperature. Hence,
we can formulate a two-temperature model coupling the sample
temperature, T',;, with the molecular vSF intensity, I,,,o,

dImol = (B Tsub - Imol) % dt; (3)

where B serves to scale the temperature effects on the two quantities.
7 is the time constant for the equilibration in temperatures between
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FIG. 5. vSF spectra of ODT recorded using the ppp polarization combination at
different delay line positions between the pump and the probe. The solid lines
represent the fits to the data. The indicated delays were calibrated by fitting the
data shown in Fig. 7.

the substrate and the molecular intensity of the particular mode of
ODT.

The parameters B, 7, and I,,,(f = 0 s) were fit using a least-
squares optimization algorithm. Moreover, the delay line position
corresponding to a delay of 0 ps was a further free parameter. Thus,
we used the fit to also calibrate the offset of the delay scale. In the
graph, a delay of 0 ps corresponds now to the situation where the
peak intensities of all laser beams coincide in time on the sample.
Despite our choice to allow the offset of the delay axis to float freely,
all fits settled within +2 ps on the same value for the zero point. Only
for the ppp data on the r* mode does the zero offset in time seem less
well defined, which corresponds with the result that also the time
constant 7 carries a large uncertainty in this case.
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FIG. 6. vSF spectra of ODT, recorded using the ssp polarization combination at
different delays between the pump and probe. The solid lines represent the fits to
the data. The indicated delays were calibrated by fitting the data shown in Fig. 7.

The data for r*, r~, and r, are well presented by the fit curves.
Admittedly, the ppp data for the rf, mode allow for an excessively
large range of interpretation, such that we regard this experiment as
inconclusive. The other datasets yield values for the coupling time
constant between 94 and 153 ps. Taking into account the obtained
uncertainties, we see that the value ranges overlap. Hence, we con-
clude that for these three modes, 7 is uniformly about 125 ps. It is
worth noting that the relative signal attenuation, B/Io, is different
for the #* and r~ modes but with similar error margins when studied
using the ppp or ssp polarization combination.

The situation is different for the data on the d modes. The
data are characterized by an increase in intensity—that is, no prob-
lem for the fit—with a time constant of ~25 ps, i.e., much faster
than observed for the other modes. However, the intensity increase
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indicates the intensity expected, provided it follows without lag the substrate temperature. Top right: remaining intensity for the r* and r— modes recorded in ssp. Bottom
left: remaining intensity for the r. mode recorded in ppp and ssp. Bottom right: remaining intensity for the d* and d; modes recorded in ppp. The dashed line indicates an
exponential decay fitted to the d, data with a time constant of 1250 ps. The solid lines represent fits using the model formulated in Eq. (3). The error bars represent the
estimates of the uncertainties in the relative intensities, ignoring systematic errors. The position of the zero delay was derived from the fit result. The fit results are listed in

Table II.

observed for the d; mode disappears faster than the temperature of
the substrate returns to its idle value. A simple exponential fit to this
trailing transient yields a time constant of about 1250 ps. The model
we devised fails to explain this evolution of the molecular intensity
as a function of pump-probe delay.

E. Geometry change

It is well established that spectra of the kind we have here can be
used to gain insight into the adsorption geometry of the molecules
in the ordered layer at the surface. For this purpose, we evaluate the
ratio of the molecular intensities observed for the r* and r~ modes.
The dependence of these on the tilt angle of the symmetry axis of the
CH3 group with respect to the surface normal can be calculated fol-
lowing earlier work.”** " We carried out this evaluation for both
datasets, as we have ppp and ssp spectra available, which will serve as
an internal consistency check. Studies frequently simplify the analy-
sis by assuming a §-distribution in tilt angles. However, this appears
to us as an oversimplification. At least under the flash-heated condi-
tions, thermal energy will allow the molecules to perform pendulum
motions if gauche defects are not also formed. Nevertheless, we

assume azimuthal isotropy in view of the mm spot size we sam-
ple. Hence, we assume a Gaussian distribution of tilt angles centered
around the mean of one with a width, o. Calculation of the expected
intensity as a function of the tilt angle for various assumed val-
ues of ¢ and both polarization components can be found in the
supplementary material.

In a previous publication, we evaluated the ratio of the molec-
ular intensities of a single mode observed when using the ppp or ssp
polarization combination to gain insight into the adsorption geom-
etry of the molecule and its change after flash-heating. In this study,
we had to adopt a different approach. We followed Hirose™*” and
Wang et al.”’ to calculate the intensities. The result is that the inten-
sities of the r* mode for ssp and ppp should differ by a factor of
0.1. In contrast, the experimental values suggest an intensity ratio
of 1, considering error margins, or 0.5 at the lowest. At present, we
have no explanation for this stark discrepancy. However, we note
that several other experimentalists report data consistent with our
own.”” " Of course, the calculated numbers are dependent on the
value used for the refractive indices of Au and the adlayer as well
as the Raman depolarization ratio, p, which are associated with con-
siderable uncertainties. However, exploring a range of conceivable
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TABLE Il. Compilation of it results and errors (confidence interval = 1) of the profiles
in Fig. 7 to Eq. (3).

7 (ps) B/l (x10°%) to (ps)

rt 94478 9.5+1.0 150+ 72

" 119+15 19.3+2.4 150 +0.1

ppp , 608 = 150 52+13 150 +0.7
d* 2444 ~126+65 150 0.1

rt 153 + 30 7.9+0.5 150 +0.1

ssp r 123437 14.8+1.5 150 +0.2
r 40+12 114427 150 0.1

values, we do not find a solution to this puzzle. Hence, we refrain
from basing our data evaluation on the ratios of the different inten-
sities of modes observed in the ssp and ppp spectra. Instead, we use
the intensity ratios between the r* and r~ modes in either the ssp or,
alternatively, the ppp spectrum.

Following a procedure that we presented in detail in an ear-
lier paper,”® we combine various intensity ratios to find constraints
on the possible adsorption geometry. However, there are at least
two unknown quantities to consider: (i) the mean tilt angle and
(ii) the width of the distribution around the mean value. There-
fore, we assign values to the width, o, and determine the range of
tilt angles consistent with the experimental data, accounting for the
error margins of the experimental intensities. Combining several of
these arguments, we derive the graph shown in Fig. 8. For further
details, the reader is referred to the supplementary material.

Figure 8 indicates that, under idle conditions, the mean tilt
angle of the methyl head group is around 66° + 7°, provided the
spread, o, around the mean value due to thermal fluctuations is
not large (<7°). This is entirely consistent with the data reported
from GIXD measurements, suggesting a mean tilt angle of the
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FIG. 8. Ranges of the possible mean filt angle of the CH3 group with respect to
the surface normal before, 6;, and after, 6y, flash heating the sample. Values have
been determined for all values for the width of the distribution consistent with the
intensities of the r* and r— mode spectra. Note: The horizontal error bars indi-
cate the uncertainty margins of the mean tilt angle when assuming a given width
of the distribution, o. 6; and 6y refer to the tilt angle under room temperature,
i.e., idle, conditions and after flash heating, respectively. o; and o refer to the
corresponding widths.
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symmetry axis of the alkyl chain of ~30°. Note that the geometry
analysis of the SFS data does not yield this angle but rather the tilt
angle of the symmetry axis of the molecular group to which the mode
belongs, on which the analysis is based—in our case, the CH3 group.
This group is inclined by 36° with respect to the axis of an alkane
molecule (Fig. 9). Rotation around this axis is hindered by the bond
of the thiol group to the surface. Hence, for alkyl thiol molecules with
an even number of C-atoms in an ordered monolayer, the tilt angle
of the methyl group with respect to the surface normal is 36° larger
than the tilt angle of the alkyl skeleton. Therefore, we find perfect
agreement. Note that the small variation of the mean tilt angle for
assumed widths smaller than 7° also suggests that, in this case, it is
not a mistake to work with a §-distribution in widths for the formal
analysis, as it is a frequent practice).

Following flash heating, the situation is different. The graph
shows that, if we assume a small 0, an increase in the mean tilt
angle is suggested when compared to idle conditions. We cannot see
a physical scenario consistent with such an evolution, given that the
tilt angle is constrained by the mutual repulsion of the molecules in
the monolayer. Furthermore, thermal energy should lead to greater
disorder. In view of the overlap of the error ranges for 6; and 6, one
might wonder at first glance whether there must be a change at all.
However, (i) the vSF spectrum changes markedly, and (ii) the 8 value
in the overlap region is inconsistent with the GIXD data. Therefore,
we consider an increase in o from initially 0°-8° to finally 16°-23° to
be more likely. In this hypothesis, the mean tilt may increase some-
what, with the spread reflecting large-angle pendulum motions. This
interpretation is qualitatively in agreement and quantitatively close
to what has been suggested from molecular dynamics simulations.”’

The fast and rather short-lived increase in intensity observed
for the d~ modes is one puzzling finding. It is tempting to inter-
pret this as an indication of gauche defects forming, as this is an

FIG. 9. lllustration of the geometry of ODT in the ordered layer in all-trans confor-
mation. The molecular symmetry axis is inclined by x with respect to the surface
normal, z. The methyl group is inclined by # with respect to the molecule’s sym-
metry axis. 0 is the angle of the symmetry axis of the methyl group with respect
to the surface normal. As rotation around the S-CH, bond is hindered, 6 is unam-
biguously defined. For alkylthiols with an even number of CH,-groups, 6 is by 36°
larger than x.
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established concept in the interpretation of spectra recorded under
steady-state conditions. However, it is difficult to accept that gauche
defects are building up faster than the temperature in the layer is ris-
ing. It may, however, be speculated that the loss of the molecules’
overall inclined geometry reduces the coherence of the polarization
responsible for the intensity of the d~ modes. Hence, we refrain
from suggesting an answer to the question of the timescale of gauche
defect formation, as the data are inconclusive.

IV. SUMMARY

The response of a monolayer of octadecylthiol adsorbed on a
thin Au film to flash heating was studied. A 19 ps laser pulse with a
wavelength of 532 nm was used to rapidly heat a 13 nm Ti/30 nm
Au heterostructure by passing it from the backside through the
glass support. The surface temperature is monitored by recording
the optical reflectivity. Modeling of the temperature transient taking
into account the detailed structure and heat transfer properties of the
metal layers reproduces the observed transient well. Within 100 ps,
a peak temperature rise of ~100 K is achieved. Vibrational sum fre-
quency spectroscopy was employed to characterize the evolution of
the molecular adsorption geometry. For the idle temperature, 300 K,
the results agree well with earlier conclusions from GIXD, namely,
an inclination of the molecules in an ordered structure by ~30°.
For the flash-heated layer, a large loss of order is evident in the SF
spectrum, indicating a large spread of individual tilt angles. The evo-
lution of the molecular order lags by around 125 ps with respect to
the temperature rise induced in the metal substrate.

SUPPLEMENTARY MATERIAL

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