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Time and frequency domain sum-frequency generation (SFG) were combined to study the dynamics
and structure of self-assembled monolayers (SAMs) on a fused silica surface. SFG-free induction
decay (SFG-FID) of octadecylsilane SAM in the CH stretching region shows a relatively long time
scale oscillation that reveals that six vibrational modes are involved in the response of the system.
Five of the modes have commonly been used for the fitting of SFG spectra in the CH stretching
region, namely the symmetric stretch and Fermi resonance of the methyl group, the antisymmetric
stretch of the methyl, as well as the symmetric and antisymmetric stretches of the methylene group.
The assignment of the sixth mode to the terminal CH2 group was confirmed by performing a density
function theory calculation. The SFG-FID measures the vibrational dephasing time (T2 ) of each of
the modes, including a specific CH2 group within the SAM, the terminal CH2 , which had never
been measured before. The relatively long (∼1.3 ps) dephasing of the terminal CH2 suggests that
alkyl monolayer structure is close to that of the liquid condensed phase of Langmuir Blodgett films.
© 2011 American Institute of Physics. [doi:10.1063/1.3518457]
I. INTRODUCTION

Self-assembly of molecular films from solution has been
extensively employed to construct thin organic monolayers
because a molecularly ordered structure with a wide variety
of functionalities can be prepared very easily and without the
expensive and sophisticated equipment essential for organic
layer formation in ultrahigh vacuum.1 The diverse applications of molecular self-assembly range from simple corrosion resistant layers to more complex integrated functionalities such as organic light emitting diodes2, 3 and molecular
electronics.4, 5 As many applications depend on the degree of
molecular ordering, it is also important to develop methods to
analyze surface structures.
Sum frequency generation (SFG) spectroscopy, a secondorder nonlinear optical technique, provides excellent surface
specificity and structure sensitivity based on the symmetry
restriction that systems with local inversion centers cannot
generate SFG.6 SFG has become a powerful tool to investigate structures of interfacial molecules.7, 8 SFG spectroscopy
with ultrashort laser pulses can also be applied for probing
the ultrafast surface dynamics.9–12 For example, the vibrational population relaxation time (T1 ) and vibrational dephasing time (T2 ) of surface species can be measured by time
domain SFG.13 A number of frequency domain SFG measurements, i.e., SFG spectroscopy, have been reported for
various interfaces14–17 since the first reported application of
this technique.18 However, obtaining dynamics information
from frequency domain spectroscopy is not trivial. Furthermore, frequency domain spectroscopy is often congested by

overlapping vibrational modes, making it difficult to identify,
assign and analyze each of the features contributing to the
spectrum.
Time domain SFG measurements, e.g., SFG free induction decay (SFG-FID), offer an alternative way to measure the
same parameters as are obtained from frequency domain measurements. However, different features are emphasized in FID
as compared to spectroscopy measurements as is known from
the comparisons of time- and frequency-domain NMR19 or
Electron Paramagnetic Resonance20 spectroscopy. Some features which are not clear in the frequency domain could be
clearer in time domain measurements.
The first SFG-FID measurement was reported by GuyotSionnest in 1991 from Si-H vibration on a hydrogen terminated silicon (111) surface.21 SFG-FID of other systems, such
as CO on a metal surface,22–25 and of Langmuir Blodgett (LB)
films on insulators26, 27 has been reported.
In the present investigation, we have studied the SFGFID and SFG spectra of octadecylsilane (ODS) on a fused
silica surface at the C-H stretching region. The SFG-FID is
characterized by a long coherence that is shown to involve
six frequency components as demonstrated by the simultaneously fit the SFG-FID and SFG spectra. Details of the fitting
process and mode assignment are discussed. Density function
theory (DFT) calculations help to assign one of the modes to
a terminal CH2 . The possible correlation of the structure of
ODS self-assembled monolayers (SAMs) to the dephasing of
the different oscillators is discussed.
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All glassware and the IR grade fused silica prism (IRFS,
ISP optics) were cleaned by piranha solution [3:1(v/v),
concentrated sulfuric acid and 30% hydrogen peroxide
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(Caution! Piranha solution is a very strong oxidant and is extremely dangerous to work with; gloves, goggles, and a face
shield should be worn)] and dried by a stream of hot air prior
to use. ODS monolayers were prepared by immersing the
clean IR fused silica prism for 20 min into 2.5 mM octadecyltrichlorosilane (Gelest Inc.) solution in (4:1) hexadecane
(Sigma, >99%) and CHCl3 (Sigma Aldrich, 99.8%).28–30
The ODS coated prism was rinsed with CHCl3 and air
dried.
A femtosecond regenerative amplifier (Quantronix,
Integra-E), seeded by a Ti:sapphire oscillator (Coherent, Mira
seed), produces 3.5 mJ laser pulses centered at 815 nm with a
duration of ∼100 fs at a repetition rate of 1 kHz. 90% of the
regenerative amplifier energy was employed to pump an optical parametric amplifier (Light Conversion, TOPAS) which
generates tunable IR radiation (1180–2640 nm) with a total
power (signal and idler) of 900 mW at the peak. Mid-infrared
radiation was obtained by difference frequency generation in
an AgGaS2 crystal with a peak power of 30 μJ at 3 μm. The
remaining 10% of the regenerative amplifier output was used
as the visible light for SFG measurements. The energy and polarization of the visible beam were adjusted by a combination
of a half-wave plate and a prism polarizer. The IR bandwidth
is ∼130 cm−1 FWHM.
For frequency domain SFG measurements, the visible
pulse was spectrally narrowed to a FWHM of ∼0.9 nm
(14 cm−1 ) by a pair of band-pass filters (CVI) Fig. 1(a). The
visible and infrared beams, with energies of ∼2 μJ/pulse and
∼10 μJ/pulse, respectively, were overlapped in time and
space at the sample surface. The spot diameters, at the sample,
of the visible and IR beams were ∼0.2 mm and ∼0.4 mm, respectively. The incident angles of the visible and infrared light
were about 65◦ and 55◦ , respectively. The time delay between
IR and visible beams was adjusted so that the SFG intensity
was maximized. The SFG signal was separated from the reflected visible light by short pass filters (Melles Griot) and
was detected by a CCD detector (Princeton Instruments) coupled with a polychromator (300i, Acton Research Corp.). In
the experiments reported here, the SFG, visible, and IR beams
were polarized s, s, and p, respectively. The SFG measure-
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ments were carried out in air at room temperature (∼23 ◦ C,
20% relative humidity).
For time domain measurement, the band-pass filter is replaced by a neutral density filter to attenuate the visible intensity. In this way, the change of the optical path between
the time and frequency domain measurements is minimized.
The t = 0 was set to be the cross-correlation maxima obtained from gold coated prism, within an experimental error of
± ∼0.1 ps. Accordingly, the t = 0 was allowed to vary ± 0.1
ps in the fitting process (see Sec. III). The time domain system response function was determined to be ∼190 fs FWHM
from the cross-correlation measure on a gold film evaporated on a IRFS prism under the same experimental geometry as ODS coated IRFS, i.e., total internal reflection, assuming Gaussian temporal profiles for the visible and IR pulses
[Fig. 1(b)].
Data analysis and curve fitting was realized by custom
written programs using a commercial software (Wave Metrics, Igor Pro). The square root of the SFG intensity was
used as a weighting function to determine the goodness of
fit as judged from the reduced chi-squared DFT calculations
were performed using the B3LYP level of theory with the 631G(d,p) basis set contained in GAUSSIAN 03 (Revision C.02,
Gaussian, Inc., Wallingford CT, 2004).

III. RESULTS AND DISCUSSION

The SFG-FID of the ODS SAM in the C-H stretching
region shows relatively long coherence accompanied with oscillations that persist for over 1 ps [Fig. 2(a)]. The first peak in
the FID appears at ∼0.1 ps, and not at 0.0 ps, because of the
finite duration of the infrared excitation pulse. The oscillation
in the SFG-FID is caused by interference between the multiple oscillators which alternately beat in phase and out of phase
in time due to the mismatch of their natural frequencies. The
Fourier transform of the oscillatory components in the FID is
also shown in the inset of Fig. 2(a). The Fourier power spectrum shows a peak at ∼60 cm−1 , which corresponds to the
peak separation of two major peaks due to methyl stretching
modes in the frequency domain spectrum [see Fig. 2(b)] and
the oscillation period of the FID trace (0.6 ps). For a quantitative analysis, the spectrum and FID trace were simultaneously
fit to Eqs. (1) and (2a), assuming a variable number of vibrational modes in the CH stretching region as discussed in the
following section.
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A. Fitting
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A number of reviews have been published describing the
theoretical background of SFG and its applications.6, 8, 14 SFG
is a second-order nonlinear optical processes in which two
photons at frequencies of ω1 and ω2 generate one photon
of frequency ω3 = ω1 + ω2 . Second-order nonlinear optical processes, including SFG, do not take place in media with
inversion symmetry under the electric dipole approximation
but do occur at interfaces, where the inversion symmetry is
necessarily broken. For the IR-visible SFG spectroscopy,
three types of measurements have been employed, i.e.,
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FIG. 1. Characterization of pulses used in the present study. (a) Spectrum of
narrowband visible light used in frequency domain measurement (open circle), which determines the spectral resolution. The spectral line shape is determined by the interference filter. The solid line is a Lorentzian fit to the data.
The FWHM is 0.9 nm (14 cm−1 ). (b) Cross correlation of infrared and visible
(without narrowband filter) pulses, which determines the temporal resolution
in time domain measurement. The solid line shows a Gaussian fit.
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FIG. 2. SFG FID (a) and normalized SFG spectrum; (b) of ODS SAM. The
open circles represent the experimentally observed SFG signals with simultaneous fit curves using six frequency components represented by red solid
lines, respectively. Inset of (a) shows the Fourier transform of the oscillatory
components in the FID trace which is obtained by subtracting a double exponential decay fit to the FID trace. The SFG spectrum was normalized by
dividing the raw spectrum of the OTS sample by a spectrum obtained from a
sample of GaAs (arbitrarily scaled).

scanning narrowband IR, broadband IR,31 and FT-SFG.32
Here, we employed broadband SFG system because of the
convenience of switching between the time- and frequencydomain measurements. The frequency domain SFG intensity
generated by a broadband IR pulse can be expressed as a modification of the well-known SFG equation:15, 27, 33
2
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region in the frequency domain measurement while it is
summed up in the time domain measurement. As the spectral
resolution of the SFG spectrum is limited to 14 cm−1 , by
the bandwidth of the visible pulse (ωvis ), the full widths at
half maxima (2) of the vibrational bands determined from
the spectrum are broadened by the limited resolution of the
spectral measurement. The Benderskii group took this into
account by deconvoluting a Gaussian spectral shape from the
measured spectra.27 Alternatively, ωvis /2 is simply added
to  n , i.e.,  ∼  n +ωvis /2 because the interference filter
gives a rather Lorenzian line shape [Fig. 1(a)]. Here, the
Fresnel factors and prefactors are ignored as they are the
same in all the experiments.
In the SFG-FID measurement, a short IR pulse creates a
coherent superposition of vibrational modes and a short, timedelayed visible pulse probes the remaining coherence by generating a response at the sum-frequency as a function of the
time delay. Since the FID and spectrum are related to each
other by Fourier transform, the FID and spectroscopy measurements, in principle, should contain identical information.
In practice, however, because the time domain measurement,
as long as it captures all of the response, is free from spectral
resolution limitations, the FID measurement allows us to determine the vibrational linewidth with better spectral resolution than the frequency domain measurement. In other words,
because the SFG spectrum is taken with short pulses (τ vis
∼ 0.6 ps and τ IR ∼ 0.1 ps) it undersamples the vibrational
modes that have long dephasing times. This is demonstrated
in the Fourier transformation of the spectrum shown in Fig. 3
(black line) where the FFT of the spectrum decays faster than
the FID measured in time domain. On the other hand, measurement in the frequency domain is advantageous to probe
spectrally broad (temporally sharp) feature, i.e., the only way
for a time domain experiment to faithfully reproduce a spectrally broad feature is to measure its response in the time domain with a very short pulse.36
The theory of time domain SFG measurement has been
described by Mii and Ueba37, 38 Following the Benderskii27
and Bonn groups,39 the SFG intensity as a function of

(1)

where ωIR is the frequency of the incident IR light and ANR ,
ε, An , and  n are the vibrationally nonresonant susceptibility
component, the phase between the resonant and nonresonant
contributions, the amplitude and damping constant of the
surface vibration with frequency ωn , respectively. ε is often
set to be a free variable. However, according to electromagnetic theory ε must be zero for electronically nonresonant
substrate such as silica glass. Indeed, nonresonant phases for
silica glass and water surfaces were determined to be zero
in phase sensitive measurements.34, 35 Thus, ε is fixed to be
zero in the present fitting. The exponential term describes the
Gaussian shaped spectrum of the incident IR pulse, where ω0
and ωIR represent the center frequency and spectral width
of the IR pulse, respectively. ANR is divided by ωIR because
the nonresonant polarization spreads over the whole spectral
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FIG. 3. FFT of the ODS spectrum (black) and the measured FID (blue). The
FID trace was arbitrarily scaled so that the first peak has about the same
amplitude as FFT. The more rapid decay of the FFT of the ODS spectrum
is a consequence of the undersampling of modes with long dephasing times.
This demonstrates the effect of a finite nonzero ωvis /2 in Eq. (1).

Downloaded 01 Mar 2011 to 129.32.36.173. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

084701-4

Nihonyanagi, Eftekhari-Bafrooei, and Borguet

J. Chem. Phys. 134, 084701 (2011)

SFG-FID intensity (a.u)

delay time (td ) between IR and visible pulses can be written as
follows:
 ∞

2
ISFG-FID (td ) ∝
dt  P (2) (t, td ) ,
(2a)
−∞

(t, td ) ∝ E vis (t − td ) P (t) ,
 ∞
(1)
P (t) =
dt  E IR (t − t  )S(t  ),

P

(2)

(1)

(2b)
(2c)

−∞

S (t) = δ (t) |A N R | exp (iε) − iθ (t)



× exp {2π c (−iωn t − n t)} + c.c.

(2d)

The time response function, S(t), of the system is given by
Eq. (2d) where δ(t) is the delta function, θ (t) is the Heaviside
step function, c is the speed of light and the inverse of 2π c n
is the total dephasing time of nth vibrational mode (T2, n ) and
is ∼5.3 ps / n when  n is expressed in cm−1 . [Note that the
bandwidth (FWHM) is given by 2.] The first order polarization induced by the IR excitation pulse [Eq. (2c)] is mixed
with the polarization induced by the visible pulse, creating
the second-order polarization [Eq. (2b)]. The two integrations
in Eqs. (2a) and (2c) are required to consider the finite pulse
width of the incident IR and visible beams. The pulse shapes
are assumed to be Gaussian:
E IR/Vis (t) = E IR/Vis exp −t 2 /τ 2 − i2π cωIR/Vis t + c.c.,
(3a)
Ē IR (ω) = Ē IR exp − (ω − ω0 )2 /ω02 ,

(3b)

where, EIR/vis denotes the magnitude of E(t) for either IR or
visible and τ is the pulsewidth. Using Eqs. (2d) and (3), Eq.
(2c) can be written as follows:
(1)

(1)

P (t) = PNR (t) + PR (t) + c.c.,

(4a)

(1)
(t) = |ANR | exp(−t 2 /τ 2 + iε − i2π cω0 t),
PNR

(4b)
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FIG. 4. The same SFG FID as shown in Fig. 2 (open circles). The lines
represent the fit curves assuming two frequency components with different
fixed values of t0 .

polarization.37, 38 This expressed by the integration (known as
error function) in Eq. (4). In addition, an experimental error
may possibly occur when a sample is replaced by the reference sample (gold film) for the cross-correlation measurement. To address this source of error, t in Eq. (4) is replaced by
(t−t0 ) and t0 is treated as a variable. As an illustration of the
critical role of t0 , Fig. 4 shows the same FID trace as shown
in Fig. 2 but with fitting curves with different fixed value of
t0 . The results show that unless t0 is fixed at values near the
maximum of FID, the fit is poor.
The spectrum and FID were simultaneously fit using
Eqs. (1)–(4). Although two components roughly reproduce
the FID and the spectrum, a simultaneous fit of spectrum and
FID allows us to resolve spectral features in more detail. The
quantitative fit requires that the contributions of a larger number of modes be included. Increasing the number of frequency
components improves the reduced χ 2 value as tabulated in Table I. The best fit curves obtained with six vibrational modes
are shown in Fig. 2. We note that a separate fitting of either
the spectrum or the FID cannot produce an acceptable size
of the fit uncertainty due to the large number of fit parameters. The simultaneous fit of the spectrum and the FID significantly reduces the uncertainty of the fit parameters. The
assignment of the vibrational modes identified is discussed
below.

n



2
× exp − (ωn − ω0 )2 /ωIR
× exp {2π c (−iωn t − n t)}.

B. Assignment of peaks

(4c)

Here, we assume that the dephasing time of each vibrational
mode is longer than the pulse width so that the decay part
in Eq. (4c) is independent of the pulse width. In modeling
the FID measurements, Eq. (4c) accounts for the Gaussian
shaped spectral profile of the IR excitation pulse. The amplitude, AR , is multiplied by the Gaussian shaped spectrum
(center wavenumber ω0 = 2900 cm−1 and ωIR = 80 cm−1 ,
corresponding to a FWHM of 133 cm−1 ).
The fitting of the SFG-FID is extremely sensitive to the
position of time zero, the position of maximum overlap between visible and IR pulses. The maxima of the FID trace actually appears at a time later than the zero time determined by
the cross correlation maximum, by typically by 0.1 ps. This
is because of the noninstantaneous build up of the resonant

Two major frequency components at 2872 and
2938 cm−1 have been assigned to the symmetric stretch and
Fermi resonance of the methyl (r+ and r+ FR ).40–43 Three additional frequency components at 2849, 2918, and 2970 cm−1
TABLE I. The reduced chi squared [χ 2 red = χ 2 /(number of data points
− number of free variables)] obtained from SIMULTANEOUS fitting of the
ODS spectrum and FID with 2, 3, 5, and 6 frequency components.
Number of modes

χ 2 red

Modes included

2
3
5
6

0.95
0.46
0.78
0.39

r+ , r+ FR
r+ , t-d− , r+ FR
d+ , r+ , d− , r+ FR , r−
+
d , r+ , t-d− , d− , r+ FR , r−
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TABLE II. Parameters obtained from the frequency- and time-domain SFG
measurements of the ODS SAM. The amplitude parameter An and |ANR | are
given in a relative scale with respect to the r+ mode. Note that the bandwidth
(FWHM) is given by 2. T2 values are calculated from .

Mode
d+
r+
t-d− (0)
d− (π )
r+ FR
r−
|χ NR | (a.u.)
φ NR (rad)
t0

ω
(cm−1 )

A
(a.u.)


(cm−1 )

T2
(ps)

2849 ± 2
2872
2884 ± 1
2918 ± 14
2938 ± 1
2970 ± 3
−0.47
0
0.004

0.09 ± 0.07
1.00
−0.34 ± 0.11
0.21 ± 0.44
0.75 ± 0.33
−0.17 ± 0.11

3±4
8±2
4±2
15 ± 23
7±2
10 ± 7

1.8
0.66
1.3
0.35
0.76
0.53

have been assigned to the symmetric (d+ ) and antisymmetric (d− (π )) stretch of the methylene, and antisymmetric
stretch of the methyl (r− ) groups.40–43 The fact that the
amplitude of the d+ and d− (π ) peaks are small implies that
the ODS molecules in the monolayer are essentially in an
all-trans conformation, where the vibrations due to CH2
groups are SFG inactive due to local inversion symmetry.
The sixth vibrational mode at 2884 cm−1 has been often
neglected but its amplitude is larger than the amplitude of
the d+ , d− (π ), and r− modes. Furthermore, inclusion of the
sixth peak improves the reduced chi square more effectively
than adding other minor contributors, i.e., d+ , d− (π ), and
r− (Table I). (Comparison of the reduced χ 2 for two versus
three and five versus six frequency components clearly shows
the importance of the t-d− mode.) The amplitude, frequency
and dephasing time of each vibrational mode, as well as the
amplitude of the nonresonant term, that were determined
from the simultaneous fit of the SFG-FID and spectrum are
tabulated in Table II.
The assignment of the sixth peak at 2884 cm−1 involves
a number of considerations. A band at around 2890 cm−1
was observed in bulk alkane crystals by infrared and Raman
spectra and was assigned to the Fermi resonance of symmetric CH2 stretching (d+ FR ) and antisymmetric CH2 stretching (d− (0)), respectively.44–46 A vibrational mode at, or near,
2884 cm−1 has been observed in SFG spectra of surfactants previously.47 Lu et al. observed a peak at around 2884–
2908 cm−1 in SFG spectra of the air/1-alcohol (n=1–8) interface, and assigned it to a d− mode according to the observed
polarization dependence.48 One source of antisymmetric (d− )
modes is gauche defects in the alkyl chain. However, in contrast to the air/1-alcohol interface, where significant gauche
defects were identified by observation of a d+ band, our SFG
spectrum and SFG-FID showed little evidence of d+ modes
suggesting that the ODS molecules are essentially in all-trans
conformation. Given the apparent all-trans conformation of
the SAM in these experiments, one would expect the d− (both
π and 0) mode to be SFG inactive or very weak. Due to a lack
of local centrosymmetry, the methylene groups next to either
the terminal CH3 group or the anchor moiety, i.e., Si(-O-)3 ,
can be SFG active even when the alkyl chain has an all-trans

conformation. Therefore, a possible assignment for the 2884
cm−1 peak is the antisymmetric stretching mode of the terminal CH2 group.
This assignment is consistent with the one previously
reported in high resolution SFG and phase sensitive VSFG
spectra. Chow et al. suggested the presence of a small band
at 2886 cm−1 , assigned to the antisymmetric stretching of the
terminal CH2 next to CH3 (t2 -d− or ω-d− ), in their high resolution SFG spectra of ODS and Octadecanthiol SAMs.49 Recently, the Shen group reported a phase sensitive SFG spectrum of ODS, which showed a small negative peak at 2883
cm−1 , again assigned to t2 -d− mode.34 Although the symmetric stretching band associated with terminal methylene groups
(t-d+ ) was observed in SFG spectrum of a well-packed alkanethiol SAM50 or alcohol monolayer51 in all-trans conformation, this band was not detected or resolved in our measurement.
To examine the validity of this assignment, DFT calculations were performed for a simplified model molecule,
CH3 (CH2 )5 Si(OH)3 (Table III). The results showed that
the d− (0) type vibrations of methylene groups next to
Si (t1 -d− (0)) and CH3 (t2 -d− (0)), respectively, have nonzero
IR intensity at a frequency 30–40 cm−1 lower than the d− (π )
mode Table II. This is consistent with the assignment of the
mode we observe at 2884 cm−1 . The observation of a strong
d− (0) mode in Raman spectra at around 2880 cm−1 (Ref. 46)
and the fact that the frequency of the d− (π ) mode is known to
be in the 2915–2925 cm−1 range for n-alkyl chains,52, 53 suggest that the observed antisymmetric stretching of terminal
methylene groups in our study should be the t-d− (0) mode,
which is strongly Raman active46 and weakly IR active, and
not the t-d− (π ). DFT results confirm that the terminal methylene(s) is the source of the 2884 cm−1 peak observed by timeand frequency-domain SFG. However, a rigorous assignment
of the 2884 cm−1 peak to either t1 -d− (0) or t2 -d− (0) is challenging because the frequencies of the two bands are close
to each other. The vibrational modes of the ODS molecule

−
r+ r

t2-d
d+(π)
d+(0)

d−(π)
t1-d−(0)

FIG. 5. Schematic drawing of the ODS molecule and the vibrational modes
discussed in the text. d+ (0) and d− (π ) have the almost same frequency and
are unresolved in the spectrum. In the d (+/−) (0) mode, neighboring methylene groups displace in opposite directions while in d (+/−) (π ), they move in
the same direction.
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TABLE III. Vibrational frequencies of CH3 (CH2 )5 Si(OH)3 calculated by
B3LYP (6-31G(d,p)) using GAUSSIAN 03. A scaling factor of 0.9614 was
used to correct the frequencies (Ref. 55). The t1 and t2 denote terminal
methylene next to Si and CH3 , respectively. An asterisk (*) denotes that this
mode includes motion of t2 -d− (0).
Frequency
(cm−1 )

Scaled frequency
(cm−1 )

IR
Intensity

Assignment

3008
3012
3018
3024
3032
3036
3037
3044
3056
3065
3084
3105
3109

2892
2896
2902
2907
2915
2919
2920
2927
2938
2947
2965
2985
2989

1.9
9.6
7.6
48
3.4
26
72
3.5
8.2
25
77
66
43

d+ (0)
d+ (0)
t1 -d+ (0)
t2 -d+ (π )
d− (0)
d+ (π )
r+
d− (0)*
t1 -d− (0)
d− (π )
d− (π )
r− (op)
r− (ip)

J. Chem. Phys. 134, 084701 (2011)

ous studies suggest that CH2 vibrations are sensitive to local
order of the alkyl chains, i.e., faster dephasing correlates with
increased disorder. The identification of the t-d− (0) mode
sheds light on the relatively long dephasing time of this mode
(∼1.3 ps) and how this dephasing correlates with the structure
of the ODS SAMs.
The T2 or 2 (FWHM) of the t-d− (0) of the ODS SAM
(∼1.3 ps / 8 cm−1 ) is close to the T2 of the d− (0) mode of
the bulk n-C36 H74 in the crystalline phase.44 The T2 values
measured for the t-d− (0) and the r+ / r+ FR modes suggest that
the alkyl chains of the ODS SAM are in an ordered phase
but not a perfect crystalline phase, i.e., the structure is similar
to the liquid condensed phase of LB.27 This is consistent with
the small (but nonzero) amplitude of the d+ and d− modes in
the SFG spectrum and SFG-FID, which suggests mostly but
not completely all-trans configuration of the alkyl chain in the
SAM.

IV. CONCLUSION

discussed above are illustrated in Fig. 5. Note that this calculation does not include the Fermi resonance, which causes
further complexity and frequency shifts of symmetric modes.
Antisymmetric stretching modes are not allowed to enter the
Fermi resonance interaction44 so that it is easier to compare
the calculated frequency with the experimental value.
C. Dephasing

The SFG-FID experiments enable the dephasing time of
each of the modes contributing to the response to be determined. The dephasing times of the methyl symmetric bands
(0.66 ps for r+ and 0.76 ps for r+ FR ) are in agreement with
the range of ones previously reported (0.7 ps for r+ and 1.3 ps
for r+ FR of the Ov phase and 1.1 ps for r+ and 0.66 ps for r+ FR
of the L2d phase) for the methyl symmetric band of LB films
in the liquid condensed phase.27
Owing to the relatively large amplitude of the mode at
2884 cm−1 , t-d− (0), the combination of time and frequency
domain SFG data can determine the dephasing time of the
t-d− (0) mode with an acceptable error bar. Since, to best of
our knowledge, this is the first direct observation of the dephasing (T2 ) of a terminal CH2 vibration in a SAM, we compare the dephasing of t-d− (0) with that of methylene modes
(d) observed previously. The T2 of the d− (π ) modes of an
LB film in an ordered (high density) super-liquid phase and
a disordered (and less dense) lower pressure mesophase were
found to be 1.04 and 0.18 ps, respectively.27 The T2 of the bulk
CH2 stretching has been reported to be ∼1 ps for averaged
dephasing of symmetric and antisymmetric CH2 stretching of
liquid cyclohexane by time domain coherent anti-stokes Raman spectroscopy.54 The spectral widths of the d− (0) mode
of bulk n-C36 H74 in Raman spectra have been reported to be
7–9 cm−1 in a crystalline phase and 25 cm−1 in the liquid phase.44 Assuming homogeneous broadening, the corresponding T2 of d− (0) is estimated to be 1.5–1.18 ps in the
crystalline phase and 0.42 ps in the liquid phase. These previ-

We have measured the SFG-FID and SFG spectrum of
an ODS SAM on a fused silica substrate. The simultaneous
fit of the SFG-FID and the spectrum show that at least six CH stretching modes are involved in the vibrational response
in the 2800–3000 cm−1 region. Furthermore, the coherence
time of each of these modes, some of which are longer than
one picosecond, is determined. The combination of the SFGFID and the spectrum clearly reveals the presence of a mode at
around 2884 cm−1 for the all-trans conformation ODS SAMs.
This mode is assigned to a 0 type (i.e., neighboring methylene groups displacing in opposite directions) antisymmetric
stretching mode of the terminal methylene group. Our experiments measure the dephasing time of the t-d− (0) mode for the
first time, to our knowledge. The dephasing time (∼1.3 ps) of
the t-d− (0) mode implies a liquid condensed phase structure
of the alkyl chain which is consistent with the small amplitude
of d+ and d− modes in the SFG spectrum.
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