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Even though in IR and Raman spectra of liquid methanol there is always an apparent feature for the
asymmetric stretching mode of the CH3 group around 2970 cm−1 , this feature has not been observed in the
Sum Frequency Generation Vibrational Spectroscopy (SFG-VS) in any polarizations from the air/methanol
interface. Here we present a treatment based on a corrected bond additivity model to quantitatively interpret
the SFG-VS of the air/methanol interface from the IR and Raman spectra of liquid methanol.
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as µ0k0 ), of this mode [14]. This is given by,

Because of its unique interface selectivity and sensitivity, SFG-VS has been widely used to investigate
vibrational spectroscopy of various molecular interfaces, including vapor/liquid, liquid/liquid, air(vacuum
gas)/solid, and liquid/solid interfaces [1-3].
The
air/methanol interface was the first liquid interface
studied with SFG-VS [4], and many subsequent SFGVS studies on this system followed [5-13]. One observation in all these works is that the asymmetric stretching (AS) mode of the CH3 group around 2970 cm−1 is
always absent from the SFG-VS spectra, even though
this feature clearly presents in the IR and Raman spectra of liquid methanol. In most of the works, the SFG
vibrational spectrum of the air/methanol interface was
obtained only with one set of experimental polarization configuration (generally for the ssp polarization).
Therefore, the absence of the AS mode peak in one
particular polarization configuration may be easily attributed to the molecular orientational effect at the interface. However, recent works reported the spectra in
different polarizations, and the AS mode peak is generally absent [9-13]. This fact excludes the possibility
of the orientational effect and it becomes peculiar to
us because the second order polarizability tensor of a
particular molecular vibrational mode (βiq0 j 0 k0 , here q
represents the qth vibrational mode) is the product of
the corresponding Raman polarizability derivative tensor (∂αi0 j 0 /∂Qq , usually denoted as αi0 0 j 0 ) and dipole
moment derivative tensor (∂µk0 /∂Qq , usually denoted

βiq0 j 0 k0 = −

(1)

Here (i0 j 0 k 0 ) represents the molecular coordinates system, ωq and Qq are the vibrational frequency and the
normal mode coordinate of the qth vibrational mode,
respectively. Therefore, a closer look on this problem
for the SFG vibrational spectra of the air/methanol interface is certainly needed.
It is known that the key for quantitative interpretation of polarization SFG vibrational spectra lies on
the ability to obtain or estimate the ratios between different microscopic polarizability βi0 j 0 k0 tensor elements
of a chemical group in a molecule [15-17]. According to
Eq.(1), if the proper ratios between different αi0 0 j 0 terms
and the ratios between different µ0k0 terms are known,
the ratios of βiq0 j 0 k0 elements can be readily obtained. In
order to calculate the βiq0 j 0 k0 ratios, the bond additivity
model (BAM) was first formulated by Hirose et al. in
the early 1990s [18,19].
Recent quantitative calculation using the BAM can
successfully treat the SFG-VS polarization dependence
of the CH3 symmetric stretching (SS) mode, and can
accurately obtain the orientation angle of the CH3
group at the air/methanol interface [10-13,15]. However, the same calculation also predicts that the AS
mode of methanol molecule is observable in some polarizations of the SFG spectra. This calculation is based
on βccc /βaca =1.1 for the CH3 group in the methanol
molecule as calculated with the BAM following Eq.(6)
below [11,15]. Here, βccc and βaca are the symmetric
and asymmetric tensor elements responsible to the SS
and AS mode SFG-VS intensity [15].
The BAM uses the Raman bond polarizability derivative tensors αi0 0 j 0 and the bond moment derivative ten-
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sors µ0k0 to calculate βi0 j 0 k0 tensors according to Eq.(1)
[15,19]. In Raman and IR spectroscopy studies, the
bond polarizability theory and the bond moment theory
have been used to interpret the IR and Raman spectral
intensity [20]. As we have known, even though the Raman bond polarizability derivative model has worked
well with the intensities of the SS modes, it has not
been very effective on the relative intensity between the
SS and AS modes of the same molecular group [20,21].
Furthermore, the bond moment hypothesis, also called
the zero-order bond moment theory, as used in the bond
additivity model in SFG-VS, has not been successful
in interpretation of IR intensities in general [20,22-25].
This is because the simple bond moment theory essentially neglects all coupling effect between the single
bonds even within the same molecular group. Therefore, modified bond moment theory which includes such
and other coupling effects has been proposed [20], but
such modified theory becomes complicated by introducing many unknown parameters in order to address the
coupling terms. In short, these facts certainly limit the
effectiveness of the Hirose’s BAM in SFG-VS, which
was based on the zeroth order bond polarizability and
bond moment theory, for quantitative interpretation of
the SFG-VS spectra.
The limitation of the BAM is illustrated in Fig.1.
Figure 1 presents the SFG-VS spectra and the calculated polarization dependence in the ssp, ppp, and sps
polarizations against the CH3 group orientational angle θ from the interface normal. The detail procedures
of the calculation using the BAM were presented elsewhere [11,15]. Here ssp, ppp and sps denote three different experimental polarization configurations. For example, ssp denotes that the SF signal, visible and IR
electric field polarizations are perpendicular, perpendicular, and parallel to the laser incident plane in the
SFG experiment, respectively [10,15]. It is clear from
the calculation in Fig.1 that the sps intensity of the
AS mode at 2970 cm−1 is about 1/3 of the ssp intensity of the SS mode at 2830 cm−1 when the orientational angle of the CH3 group is θ=0◦ [10,13]. This
is certainly not in agreement with the experiment observations in Fig.1, and with the known orientation of
the CH3 − group [10,12,13]. Therefore, the bond additivity model in SFG-VS needs to be reexamined and
corrected.
In order to avoid getting into the trouble to deal with
all the coupling effects in the complex bond moment
and polarizability theory, here a complete empirical approach is employed to determine all the necessary αi0 0 j 0
and µ0k0 ratios towards the calculation of the βi0 j 0 k0 ratios. From Eq.(1), one has,
0
µ0c
ωAS αcc
βccc
=
0 µ0
βaca
ωSS αac
a

(2)

Therefore, with the frequencies of the symmetric and

FIG. 1 SFG spectra of the air/methanol interface in different polarizations with incident angles as: visible=62◦
and IR= 53◦ . The SFG-VS intensity is proportional to
sec2 (β)d2 R(θ), where β in sec2 (β) is the angle between the
SFG signal beam and the surface normal. In the calculation,
2
please note that unit for the SS mode is βccc
, while the unit
2
for the AS mode is βaca . The solid lines in the left figure
are fittings with Lorentzian lineshapes.

asymmetric modes (ωSS and ωAS , respectively) known,
0
0
and the IR ten/αac
only the Raman tensor ratio αcc
0
0
sor ratio µc /µa need to be known for calculation of
βccc /βaca . In the corrected BAM, the following rela0
0
and µ0c /µ0a ratios
/αac
tionships are used to obtain αcc
from IR and Raman experimental measurements. The
detail of the derivation of these relationships are reported elsewhere [26].
0.75
(3)
1 + 11.25[(1 + 2r)/(1 − r)]2
µ
¶
2
0
45(1 + 2r)2 + 4(1 − r)2 αcc
=
(4)
0
8(1 + 8r)2
αac

ρRaman
=
SS
Raman
ISS
Raman
IAS

2

2

IR
µ0
ISS
µ0
= 2 c 0 2 = c0 2
IR
IAS
2µa
µ0a + µb

(5)

In contrast, in the BAM [26], one has
βccc
ωAS 1 + 8r 37
=
βaca
ωSS 4(1 − r) 40

(6)

It is easy to see that in the BAM, the only experimentally determined parameter is r from the Raman de-

Chin. J. Chem. Phys., Vol. 19, No. 3

SFG Vibrational Spectra of Air/Methanol Interface

polarization ration measurement. However, in the cor0
0
rected bond additivity model the values of r, αcc
/αac
0
0
and µc /µa ratios are all obtained from IR and Raman spectra experimental measurements according to
Eqs.(3), (4) and (5), respectively.
In the IR and Raman literatures, Raman depolarization measurement data, IR and Raman spectra data
are generally available for simple molecules in liquids.
ρRaman
=0.014 for the SS mode of the CH3 group of liqSS
uid methanol was obtained from Raman depolarization
Raman
Raman
measurement [27]. ISS
/IAS
=5.0 is obtained by
fitting the Raman spectra at 298 K obtained by GrifIR
IR
fiths et al. [27]. ISS
/IAS
=0.86 was obtained from the IR
spectra measurement and fitting by Bertie et al. [28].
Therefore, it is ready to have the following corrected
values for CH3 OH from Eqs.(3), (4) and (5). With
ωSS =2836 cm−1 and ωAS =2987 cm−1 [27,28], one has,

can provide new understandings of the effectiveness and
limitations of the BAM, and it also provided a practical way to extend and correct the BAM for quantitative
SFG-VS studies on the molecular interfaces. Detailed
derivations and discussions on the corrected BAM is to
be reported elsewhere [26].

r = 0.28 ;

0
αcc
= 1.9 ;
0
αac

µ0c
= 1.3 ;
µ0a

βccc
= 2.7
βaca

Thus, the corrected value of βccc /βaca is 2.7, and it
is very different from the value of 1.1 calculated from
the BAM. Now, with the corrected value βccc /βaca =2.7,
sps
ssp
the SFG-VS intensity ratio ICH
/ICH
must be
3 −AS
3 −SS
(2.7/1.1)2 =6.0 times smaller. Calculation with BAM
sps
ssp
gives ICH
/ICH
≈1/3 when θ=0◦ . Now this ra3 −AS
3 −SS
ssp
sps
tio is ICH3 −AS /ICH3 −SS ≈1/18. This predicts a much
smaller signal for the AS mode in sps spectrum, and
such a small signal has to be below the noise level in the
SFG-VS experiment presented in Fig.1. Further examination demonstrates that with the corrected βccc /βaca
value, the calculation in Fig.1 is fully consistent with
the experimental data.
There have been few attempts to use Raman and IR
spectra in the condensed phase to quantitatively interpret SFG-VS spectra from molecular interfaces in detail. It has been demonstrated that the bond additivity
model has been successful in quantitative interpretation of SFG-VS of the CH3 − and CH2 −, as well as
H2 O groups for their SS modes [15], but it has not
been as successful with the AS mode of these molecules
or molecular groups. Here we show that the empirical correction for the βccc /βaca ratio is quite significant
(2.7 vs. 1.1) from the BAM. This indicates strong coupling between CH3 group and the OH group within the
methanol molecule. The BAM is meant to fail for such
case. The BAM based on the zeroth order approximation of the bond polarizability and bond moment theory
certainly has its limitations in quantitative interpretation of SFG spectra.
In summary, we successfully demonstrated that a
complete empirical approach can make correction to
the BAM, and such correction can successfully interpret
the polarization SFG spectra of the air/methanol interface. The complete empirical approach presented here
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