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Sum frequency generation vibrational spectroscopy (SFG-VS) has been proven to be a uniquely
effective spectroscopic technique in the investigation of molecular structure and conformations,
as well as the dynamics of molecular interfaces. However, the ability to apply SFG-VS to
complex molecular interfaces has been limited by the ability to abstract quantitative informa-
tion from SFG-VS experiments. In this review, we try to make assessments of the limitations,
issues and techniques as well as methodologies in quantitative orientational and spectral analy-
sis with SFG-VS. Based on these assessments, we also try to summarize recent developments
in methodologies on quantitative orientational and spectral analysis in SFG-VS, and their
applications to detailed analysis of SFG-VS data of various vapour/neat liquid interfaces.
A rigorous formulation of the polarization null angle (PNA) method is given for accurate deter-
mination of the orientational parameterD ¼ hcos �i=hcos3 �i, and comparison between the PNA
method with the commonly used polarization intensity ratio (PIR) method is discussed. The
polarization and incident angle dependencies of the SFG-VS intensity are also reviewed, in
the light of how experimental arrangements can be optimized to effectively abstract crucial
information from the SFG-VS experiments. The values and models of the local field factors
in the molecular layers are discussed. In order to examine the validity and limitations of the
bond polarizability derivative model, the general expressions for molecular hyperpolarizability
tensors and their expression with the bond polarizability derivative model for C3v, C2v and C1v

molecular groups are given in the two appendixes. We show that the bond polarizability deri-
vative model can quantitatively describe many aspects of the intensities observed in the SFG-VS
spectrum of the vapour/neat liquid interfaces in different polarizations. Using the polarization
analysis in SFG-VS, polarization selection rules or guidelines are developed for assignment
of the SFG-VS spectrum. Using the selection rules, SFG-VS spectra of vapour/diol,
and vapour/n-normal alcohol (n � 1–8) interfaces are assigned, and some of the ambiguity
and confusion, as well as their implications in previous IR and Raman assignment,
are duly discussed. The ability to assign a SFG-VS spectrum using the polarization selection
rules makes SFG-VS not only an effective and useful vibrational spectroscopy technique for
interface studies, but also a complementary vibrational spectroscopy method in general
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condensed phase studies. These developments will put quantitative orientational and spectral
analysis in SFG-VS on a more solid foundation. The formulations, concepts and issues
discussed in this review are expected to find broad applications for investigations on molecular
interfaces in the future.
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1. Scope of this review

This review is intended to report on recent developments in sum frequency generation
vibrational spectroscopy (SFG-VS) as a quantitative vibrational spectroscopic method
for understanding the detailed spectroscopy, structure and energetics of the vapour/
liquid interface. These developments can be used for the investigation of interfaces
beyond vapour/liquid interfaces, and knowledge of the vapour/liquid interfaces at the
detailed molecular level can be used for an understanding of other kinds of molecular
interfaces as well.

There was an excellent review in this journal on aqueous interfaces studied with
SFG-VS by Schultz et al. in the year of 2000 [1]. In the past 20 years, it has been an
ever-growing field to employ second-order non-linear optical methods, namely,
second harmonic generation (SHG) and sum frequency generation vibrational spectro-
scopy (SFG-VS), for studies on various surfaces and interfaces in order to gain an
understanding of their basic physical chemistry, and to find important applications
and implications in material sciences, as well as in the biological sciences. There
have been many comprehensive reviews on detailed SHG and SFG-VS interface
studies [1–20], and many are on the investigation of various liquid interfaces,
especially aqueous solution interfaces [1–9]. These developments suggest that
SFG-VS is a uniquely effective experimental technique among many modern
techniques for understanding molecular interfaces [20, 21].

This review is not going to repeat the successful stories of the SFG-VS techniques
in this growing field of current research. We would rather like to add to the arsenal
of interface SFG-VS with more quantitative aspects of vibrational spectral analysis
and molecular orientational analysis, which may enable more detailed understanding
of the interactions, structure and energetics of the molecular interfaces. These develop-
ments rely on careful analysis of the coherent nature and polarization dependence of the
effective macroscopic second-order susceptibility �ð2Þeff , which contains all microscopic
information about the spectroscopic responses and orientation of the molecular
groups at the interface. With quantitative analysis of the key parameters, such as polar-
ization configuration, the local field factor in the interface layers, and the molecular
symmetry and susceptibility tensorial relationships, SFG-VS has already provided
rich information about the molecular interface [22]. Based on such pioneering successes,
we can still sharpen our tools and go further for broader applications to more complex
molecular interfaces.

In this review, two novel aspects of SFG-VS are particularly discussed.
The first aspect is the use of the polarization null angle (PNA) method for more

accurate determination of the molecular orientational parameter D ¼ hcos �i=
hcos3 �i. With accurate D values, not only can the orientational angle of the molecular
groups at the interface be deduced, but small changes of molecular orientational
angle or orientational distribution can be discerned [23–25]. Therefore, accurate deter-
mination of the D value can be particularly important in terms of investigating
changes of the complex interfaces with subtle influences of the various environmental
parameters, such as concentration, pH, temperature, pressure, etc. We shall show
that in order to be able to accurately obtain D values, issues on the polarization
configuration, incident angle geometry, local field factors in the interface layer,
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molecular symmetry and hyperpolarizability tensor ratios, have to be systematically
examined.

The second aspect is the use of vibrational spectral polarization selection rules based
on the molecular symmetry analysis for accurate vibrational spectral assignment [26].
Since the interface is always with some orientational order, SFG-VS is intrinsically a
coherent and polarization spectroscopy, and surface SFG-VS spectra usually exhibit
narrower spectral peaks; therefore, SFG-VS is an ideal tool for determining molecular
symmetry and discerning complex vibrational modes. Traditionally, SFG-VS studies
relied on the spectral assignments of vibrational bands from IR and Raman studies.
This has in some ways prevented SFG-VS from studying complex interfaces, where
the molecular vibrational spectrum can be complicated due to the complex chemical
environments and interactions. The polarization selection rules can thus be used to
assign vibrational modes not clearly observed in the IR or Raman spectra, and to
clarify confusions in SFG-VS spectral assignments, as well as in previous IR and
Raman assignments.

With the development of commercial SFG-VS spectrometers in the past few
years [27], as well as the development of the broadband SFG-VS technique for fast
acquisition of the SFG-VS spectrum [28, 29], SFG-VS measurement of interface
vibrational spectroscopy has become much easier and more reliable for ordinary
chemists and material scientists in more and more research and development labora-
tories. The methodology of choosing a proper SFG-VS experimental configuration
for a specific problem, and the methodology to perform quantitative analysis on
SFG-VS spectral data are two key limiting factors for broader applications of
SFG-VS as a surface and interface diagnostic technique. We hope that what is discussed
here can help break these limitations to some extent.

2. Background

2.1. Understanding molecular interfaces

Interfaces are ubiquitous in nature. Chemical properties and processes at molecular
interfaces, especially material interfaces and biological interfaces, are among the central
themes in modern chemical research [30]. Historically, the application of interfacial
science, including colloid science, has often been more of an art than a science.
Greater knowledge about various interfacial phenomena at the atomic and molecular
level as guiding principles for further application is in great demand. This is where
physical chemistry studies come into play.

The physical chemist’s interests in interface studies are the understanding and
prediction of interfacial thermodynamic properties, e.g. population or density, surface
free energy, equilibrium constants, polarity, phase distribution and phase transitions;
kinetic properties, e.g. diffusivity and viscosity; structural properties, e.g. chemical
composition, molecular orientation, hydrogen bonding and other interaction forces;
and molecular dynamic properties, e.g. chemical reaction dynamics, rotational, vibra-
tional and other relaxation dynamics. All these properties and processes at interfaces
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are usually very different from those in the bulk phase, due to the unique nature of the
interfaces [30].

The interface is the boundary separating and connecting any two bulk phases. All the
chemical and physical processes involving exchange of energy and mass or interactions
between two bulk media must involve molecules crossing the interface. This makes
interface science not only fundamentally but also technologically important. The inter-
face is a region with a thickness of only one or several molecular layers. The distinct
properties of the interface in comparison to those of the bulk originate not only
from the difference of chemical compositions but also from the asymmetry of the
forces that molecules and atoms experience at the interface. The asymmetry of
the forces and discontinuity of electric fields across the interface region orient
molecules, affect their structure and change their dynamic properties by perturbing
the potential surfaces governing these motions. The discontinuity and asymmetry
determine the interfacial dielectric properties, e.g. polarity, and transport properties,
e.g. viscosity. Interface equilibrium and dynamic behaviour, which depend on these
interfacial properties, markedly differ from those in bulk media.

Despite the very scientific and practical importance of interface studies, our under-
standing of the chemistry and physics at an interface is still primitive, especially for
liquid and aqueous interfaces. This arises from the fact that the interface region is
such a small entity. Not only is it difficult to characterize well by conventional experi-
mental methods, but it is also very easily contaminated with a small level of impurities
from the bulk medium. Therefore, until the 1950s, studies of surfaces and interfaces
were mostly on the macroscopic level. This unavoidably hindered the development
of surface studies. With the development of modern techniques of purification and
analysis, a great number of advances in surface and colloid science and technology
have been achieved [21]. However, even now the sensitivity and complexity of surfaces
and colloids causes difficulties in developing a comprehensive understanding of many
phenomena of academic and practical importance [31]. New techniques need to be
developed to tackle those problems.

With the advance of modern high-vacuum technology, laser technology, sensitive and
fast electronics in the past 50 years or so, a large number of techniques and instrumen-
tation have been developed to study various interface properties at the atomic and
molecular level [21]. Most of these techniques are based on the scattering, absorption,
or emission of photons, X-rays, neutrons, electrons, atoms and ions. Many of these
techniques can only be applied to flat surfaces in a high-vacuum environment, which
have brought great advances to our understanding, on the atomic level, of metal, semi-
conductor and oxide model surfaces with great applications in the semiconductor
industry. However, microscopic study of surfaces under high pressure and temperature,
and molecular interfaces which are common in material and biological systems, have
been mostly left behind.

Gas/liquid interfaces, along with buried interfaces, i.e. liquid/liquid, liquid/solid
and solid/solid interfaces, are mostly inaccessible by the techniques mentioned above.
However, most interesting and important natural chemical and physical processes
on Earth occur at these interfaces under ambient conditions. These include
equilibria and reactions in environmental and life systems with both fundamental
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and practical importance. Because these interfaces are buried and cannot be studied
with invasive techniques, optical techniques are desirable for experimental studies of
these systems. Because the molecular interface is usually one or a few molecules
thick, the ideal optical technique has to be interface specific or selective, and must
have submonolayer sensitivity to probe changes of composition, orientation and struc-
ture of the interface layer. In order to distinguish different chemical species at the
molecular interface, such an optical technique also has to have chemical selectivity,
or spectroscopic selectivity.

Fortunately, such an optical technique does exist. Since the early 1980s, Ron Shen
and his colleagues have firmly established that second-order non-linear optical
methods, namely second harmonic generation (SHG) and sum frequency generation
vibrational spectroscopy (SFG-VS), are ideal interface probing optical techniques
with interface selectivity, submonolayer sensitivity, spectroscopic selectivity, and
are also non-invasive [32]. SHG and SFG are called second-order non-linear optical
processes because in such processes two photons of certain frequencies interact simul-
taneously with an atom or molecule to instantaneously produce a new photon with the
sum of the two frequencies. If the two frequencies are the same, the process is called
SHG; otherwise, SFG. The interfacial selectivity of SHG and SFG comes from the
fact that coherent second-order optical processes are symmetrically forbidden in
media having a centre of inversion. This centrosymmetry is naturally broken at the
interface layer, but it is conserved for the isotropic bulk, and consequently SHG and
SFG become intrinsically interface specific [33].

In SFG-VS, tunable IR laser light and visible light at fixed frequency are used to
obtain the vibrational spectrum at the sum frequency of the molecular groups at a
molecular interface. As we know, with the vibrational spectrum of the interfacial
molecular species, interfacial chemistry can be studied in unprecedented molecular
detail. Since the first SFG-VS experiment by Shen et al. in 1987 [34, 35], SFG-VS
has been proven to be a uniquely powerful technique in studying surface chemistry.
Along with the development of laser technology in the past decade, broad applications
of SFG-VS have been found to more complex molecular interface systems in various
technologically important fields, such as catalysis, chemical vapour deposition, electro-
chemistry, and liquid interfaces, as well as interfaces related to environmental problems
and life sciences [7, 15].

Application of SFG-VS lies in its capability of obtaining quantitative information.
The major obstacles for SFG-VS at the moment are that its ability for effective spectral
assignment has been limited by IR and Raman studies, and that the quantitative anal-
ysis of molecular orientation is limited by the complications in quantitative assessment
of the experimental and molecular parameters. Great effort has been dedicated to
addressing these issues in the past [13, 22, 36–41], but the general consensus in the
field so far is that these are still ‘qualitative or semi-quantitative accomplishments’
[13, 15, 39, 42]. This review of progress mainly in our research group aims to shed
some new lights on these issues regarding the ability for quantitative analysis with
SFG-VS [23–26, 43], and we hope that these efforts can help advance the capability
of SFG-VS for effective spectral assignment and analysis, as well as accurate
orientational and polarization analysis towards better understanding of interface
phenomena.
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2.2. Interface sum frequency generation vibrational spectroscopy (SFG-VS)

Here we shall follow the descriptions in the literature [22, 23, 26] and briefly present the
mathematical formulation of SFG-VS in the reflection geometry from a rotationally
isotropic achiral interface (C1v). Then we will discuss the issues in quantitative analysis
in SFG-VS applications [13, 15, 22, 39].

2.2.1. General formulation of SFG-VS. The SFG intensity is proportional to the
two incident laser intensities and the square of the absolute value of the effective
sum frequency susceptibility �ð2Þeff , which contains all the measurable information
on the response of the molecular system to the incident optical fields at the sum
frequency ! [22]:

Ið!Þ ¼
8�3!2sec2�

c30n1ð!Þn1ð!1Þn1ð!2Þ
�ð2Þeff

��� ���2Ið!1ÞIð!2Þ ð1Þ

with

�ð2Þeff ¼ êeð!Þ � Lð!Þ½ � � �ð2Þijk : Lð!1Þ � êeð!1Þ½ � Lð!2Þ � êeð!2Þ½ �: ð2Þ

Here !, !1 and !2 are the frequencies of the SF signal, visible and IR laser beams,
respectively. nmð!iÞ is the refractive index of the bulk medium m ðm ¼ 1, 2, 0Þ at
frequency !i (i ¼ 0, 1, 2); �i is the incident or reflection angle from the interface
normal to the beam with frequency !i; Ið!iÞ is the intensity of the SFG signal or the
input laser beams, respectively; êeð!iÞ is the unit electric field vector for the light beam
at frequency !i at the interface. We defined the xy plane in the laboratory coordinates
system �ðx, y, zÞ as the plane of the interface with z axis as the surface normal; all the
light beams propagate in the xz plane; p denotes the polarization of the optical field
in the xz plane, while s is the polarization perpendicular to the xz plane [22, 26].
Among the total of 27 macroscopic susceptibility tensors �ð2Þijk (ði, j, kÞ ¼ ðx, y, zÞ),
there are seven non-zero terms for an achiral rotationally isotropic interface (C1v

symmetry), namely, �ð2Þxxz ¼ �
ð2Þ
yyz, �

ð2Þ
xzx ¼ �

ð2Þ
yzy, �

ð2Þ
zxx ¼ �

ð2Þ
zyy, �

ð2Þ
zzz [22, 26]. Therefore,

for the co-propagation geometry with which the visible and IR beams are incident
within the same quarter in the xz plane, we have

�ð2Þeff ¼ sin� sin�1 cos�2Lyyð!ÞLyyð!1ÞLzzð!2Þ sin �2�yyz

þ sin� cos�1 sin�2Lyyð!ÞLzzð!1ÞLyyð!2Þ sin �1�yzy

þ cos� sin�1 sin�2Lzzð!ÞLyyð!1ÞLyyð!2Þ sin ��zyy

� cos� cos�1 cos�2Lxxð!ÞLxxð!1ÞLzzð!2Þ cos� cos�1 sin �2�xxz

� cos� cos�1 cos�2Lxxð!ÞLzzð!1ÞLxxð!2Þ cos� sin �1 cos�2�xzx

þ cos� cos�1 cos�2Lzzð!ÞLxxð!1ÞLxxð!2Þ sin � cos�1 cos�2�zxx

þ cos� cos�1 cos�2Lzzð!ÞLzzð!1ÞLzzð!2Þ sin � sin �1 sin �2�zzz ð3Þ

Spectral and orientational analysis in surface SFG-VS 197

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



and

! sin � ¼ !1 sin �1 þ !2 sin �2: ð4Þ

The parameters �, �1 and �2 are the polarization angles of the SFG signal, visible
and IR laser beam, respectively. Equation (4), which is from the conservation of
momentum in the x direction, determines the outgoing angle � of the SFG signal
[44]. Equation (4) represents the case for IR and visible beams co-propagating and
the SFG signal in the reflection direction. Because !1 � !2 and ! ¼ !1 þ !2, � ’ �1.
If it is the case for counter-propagation in the reflection geometry, the ‘þ’ sign and
the ‘�’ sign of the fifth and sixth terms in equation (3) are interchanged; and the ‘þ’
sign becomes a ‘�’ sign in equation (4). Therefore, � will be significantly different
from �1. Sign interchange also occurs between the second and third terms in equation
(9) for a counter-propagating geometry. This difference in � can have a significant
influence on the polarization analysis in SFG-VS. We shall come back to this point
in section 3.2. Since the interface layer is molecularly thin and much less than the
wavelength, the three-layer model for the interface SFG-VS is valid, and Liið!iÞ is the
tensorial Fresnel factor at frequency !i as shown below [22, 40, 45]:

Lxxð!iÞ ¼
2n1ð!iÞ cos �i

n1ð!iÞ cos �i þ n2ð!iÞ cos�i

Lyyð!iÞ ¼
2n1ð!iÞ cos�i

n1ð!iÞ cos�i þ n2ð!iÞ cos �i

Lzzð!iÞ ¼
2n2ð!iÞ cos�i

n1ð!iÞ cos �i þ n2ð!iÞ cos�i

n1ð!iÞ

n0ð!iÞ

� �2

ð5Þ

in which � i is the refractive angle into medium 2 defined by n1ð!iÞ sin �i ¼ n2ð!iÞ sin �i.
n0ð!iÞ is the effective refractive index parameter of the interface layer. The definition
and physical meaning of n0ð!iÞ was elucidated by Shen et al. a few years ago [22, 40].
One can see that the term n0ð!iÞ goes only into the expression of Lzzð!iÞ, and n0ð!iÞ is
the only unknown parameter in the calculation of the Fresnel factor Liið!iÞ. n

0ð!iÞ

value may be different from the refractive indices of the bulk medium at the
corresponding frequencies, respectively. The value of n0ð!iÞ and its effect on quanti-
tative analysis in SFG will be discussed in detail in section 3.3.
�ð2Þeff depends on the experimental polarization and geometry, and there are an infinite

number of combinations of experimental configurations which can give different �ð2Þeff .
�ð2Þeff is also a linear combination of the four most commonly used independent experi-
mental polarization combinations in the SFG literature, namely, ssp, sps, pss and ppp,
as shown in the following:

�ð2Þeff, ssp ¼ Lyyð!ÞLyyð!1ÞLzzð!2Þ sin �2�yyz ð6Þ

�ð2Þeff, sps ¼ Lyyð!ÞLzzð!1ÞLyyð!2Þ sin �1�yzy ð7Þ
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�ð2Þeff, pss ¼ Lzzð!ÞLyyð!1ÞLyyð!2Þ sin ��zyy ð8Þ

�ð2Þeff, ppp ¼ �Lxxð!ÞLxxð!1ÞLzzð!2Þ cos� cos�1 sin �2�xxz

� Lxxð!ÞLzzð!1ÞLxxð!2Þ cos� sin �1 cos�2�xzx

þ Lzzð!ÞLxxð!1ÞLxxð!2Þ sin � cos�1 cos�2�zxx

þ Lzzð!ÞLzzð!1ÞLzzð!2Þ sin � sin �1 sin �2�zzz: ð9Þ

Furthermore, the macroscopic sum frequency susceptibility tensors �ð2Þijk are related
to the microscopic hyperpolarizability tensor elements �ð2Þi0j0k0 in the molecular coordi-
nates system �0ða, b, cÞ through the ensemble average, denoted by h i, over all possible
molecular orientations [22]:

�ð2Þijk ¼ Ns

X
i0j0k0

hRii0Rjj0Rkk0 i�
ð2Þ
i0j0k0 : ð10Þ

Here Ns is the number density of the interface moiety under investigation; R��0 is an
element of the rotational transformation matrix from the molecular coordination
�0ða, b, cÞ to the laboratory coordination �(x, y, z) [46, 47], as shown in equation (25)
in Appendix A. All the mathematical expressions connecting the 27 �ð2Þijk and 27 �ð2Þi0j0k0
have been meticulously worked out by Hirose et al. through transformation of all the
three angles (�,�, ) [46]. In any application, one needs to make appropriate symmetry

considerations and angular averages to obtain the expressions of the non-vanishing �ð2Þijk
elements as a linear combination of the non-vanishing �ð2Þi0j0k0 elements. It has to be noted
that in equation (10) the microscopic local field factors are not incorporated. Zhuang,
Wei and Shen et al. discussed this issue in great detail [22, 40]. It was shown that by

properly altering the expression of the Fresnel factor Liið!iÞ, the expressions for �ð2Þijk
in these two cases differ only by a common factor [22, 40].

In SFG-VS, the IR frequency is near resonance to molecular vibrational transitions,
and the second-order molecular polarizability is

�ð2Þ ¼ �ð2ÞNR þ
X
q

�q

!IR � !q þ i�q
ð11Þ

where the first term �ð2ÞNR represents non-resonant contributions; �q, !q and �q are the
sum frequency strength factor tensor, resonant frequency and damping constant of
the qth molecular vibrational mode, respectively. In general, �ð2ÞNR should be small
and real when the substrate is not in resonance with either of the three !i frequencies.
This is generally true for the dielectric interfaces not in electronic resonance. However,
for metal or semiconductor substrate interfaces, �ð2ÞNR is generally complex and not small
at all. In actual spectral fittings, the simple assumption of a Lorentzian line profile
in equation (11) has been successful for most purposes, especially for dielectric
interfaces [15]. However, for metal or semiconductor interfaces, incorporation of
inhomogeneous effects on the line shape can be considered [39, 48–50].
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In the theory of SFG-VS with a single resonance with IR frequencies, the tensor
elements of �q are related to the IR and Raman properties of the vibrational mode
[40, 51],

�qi0j0k0 ¼ �
1

2�0!q

@	ð1Þi0j0

@Qq

@
k0

@Qq
ð12Þ

in which @	ð1Þi 0j 0=@Qq ¼ 	
0
i 0j 0 and @
k0=@Qq ¼ 


0
k0 are the partial derivatives of the Raman

polarizability tensor and the IR transition dipole moment of the qth vibrational mode;
and Qq is the normal coordinate of the same mode [40]. It is important to know that the
squares of 	0i0j0 and 


0
k0 are directly proportional to the intensities of the Raman and

IR transition of the qth vibrational mode. Therefore, any non-zero sum frequency
vibrational mode has to be both IR and Raman active. This is the transition selection
rule for SFG-VS.

Molecular symmetry determines the non-zero elements of the molecular polarizabil-
ity tensor �qi0j0k0 for the qth vibrational mode. The non-zero elements of �i0j0k0 for different
modes with common symmetries, i.e. C3v, C2v and C1v, as well as the expression for
the corresponding macroscopic susceptibility tensors in equation (10) are given in
Appendix A. For stretching vibrational modes of the aromatics, the expressions can be
found in the literature [39, 52].

From equations (1)–(12), the experimentally measured SFG-VS intensity can be
directly related to the microscopic molecular polarizability tensor �qi0j0k0 through the
orientational average. If all the parameters and the values of �qi0j0k0 are known, the
whole problem can be treated quantitatively. Combining both SFG-VS and SHG
techniques, Zhuang and Shen et al. [22] pedagogically demonstrated the analysis
methodology with detailed study on the molecular orientation and conformation of
the –CN, –CH3 and the –(C6H4)3– terphenyl groups of the 400-n-pentyl-4-cyano-
p-terphenyl [5CT, CH3(CH2)4(C6H4)3CN] molecule in the Langmuir monolayer at
the air/water interface. It is a great example and very educational on what could be
done with SFG-VS and SHG for interface studies. However, Professor Shen himself
sometimes considered it still a ‘qualitative or semi-quantitative accomplishment’ [42].

Indeed, some issues discussed in this work still call for further examination.
Before we go further, we shall present the following formulations of equations

(1)–(12) into simpler expressions, which can be useful for quantitative analysis in
SFG-VS and SHG with simple physical pictures of molecular orientational analysis,
and for developing new quantitative techniques in SFG-VS and SHG [23–26, 53].

2.2.2. Some simple formulations of SHG and SFG-VS for interface studies. As we have
shown previously [23], for SHG and SFG-VS the �ð2Þeff in equation (3) can be generally
simplified by integration over the Euler angles  and � into the following expression:

�ð2Þeff ¼ Nsdðhcos �i � chcos3 �iÞ ¼ Ns d rð�Þ: ð13Þ
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Here r(�) is the orientational field functional, which contains all orientational informa-
tion at a given SFG experimental configuration. The dimensionless parameter c is
called the general orientational parameter, which determines the orientational response
r(�) to the molecular orientation angle �; and d is the susceptibility strength factor,
which is a constant in a certain experimental configuration with a given molecular
system. It is easy to show that the d and c values are both functions of the related
Fresnel coefficients, including the refractive index of the interface and the bulk
phases, and the experimental geometry. d is proportional to the hyperpolarizability
values. Therefore, d measures the strength of the non-linearity, while c is only related
to the relative ratios between the hyperpolarizability tensor elements. Therefore, c
measures order and anisotropy, i.e. molecular orientation. The expressions in
equation (13) can be explicitly derived for both SHG and SFG from the rotationally
isotropic monolayer or ordered molecular films, because in equation (10)
(see Appendix A) there are only linear combinations of hcos �i and hcos3 �i terms
[23]. For some cases  and � cannot be integrated in an ordered molecular system;
then the expressions for d and c will contain terms with  and �.

This formulation has certain advantages in terms of quantitative orien-
tational and polarization analysis in SHG and SFG experiments [23]. In order to
compare SFG-VS experiments in different polarizations and experimental geometry
conditions, the SFG intensity of any SFG experimental configuration can be
expressed as [23],

Ið!Þ ¼ Ad2 Rð�ÞN2
s Ið!1ÞIð!2Þ ð14Þ

Rð�Þ ¼ rð�Þ
�� ��2¼ hcos �i � c hcos3 �i

���� 2
ð15Þ

in which A is the experimental constant, including the pre-factors in equation (1) times
the instrumental response constant, and R(�) is called the orientational functional. As we
have shown elsewhere [23], the general orientational parameter c controls the orienta-
tional behaviour of Ið!Þ through the function R(�). By changing experimental incident
angles and polarizations, the c value can be changed from �1 to þ1 [23]. The rich
behaviour of R(�) has been carefully analysed, and the case for a �-distribution function
is illustrated in figure 1. For example, there are orientationally very sensitive regions on
the c¼ 2.25 and c¼ 4 curves, as well as orientationally insensitive regions on the c¼ 0.5
and c¼ 1 curves. In comparison, linear polarization spectroscopy can only measure the
orientation parameter K ¼ hcos2 �i, which varies only slowly with the tilt angle � [23].

For a non �-distribution of �, the behaviour of R(�) becomes more complicated as
fully discussed elsewhere [23]. However, in such cases the formulation with the general
orientational parameter c can help disentangle the complicated behaviour of R(�) [23].
It is clear that with different c values, orientationally sensitive and insensitive SFG
or SHG measurements of the monolayer or ordered molecular films can be achieved.
Orientationally insensitive measurements in SHG were first discussed by Simpson
and Rowlen [54, 55]. With the concept of the general orientational parameter c, the
proper condition for effective orientationally insensitive measurements can be explicitly
determined by reading the behaviour of R(�) for different c values. Generally, the
relatively flat region on the R(�) curve for a particular c can be used for orientationally
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insensitive measurements. The experimental configurations corresponding to these c
values can be used for such measurements.

The orientational parameter D ¼ hcos �i=hcos3 �i is the crucial parameter to be deter-
mined from SFG-VS and SHG experiments. The behaviour of D in terms of the orien-
tational angle � and the distribution function f(�) has been carefully studied, especially
by Rowlen and Simpson et al. [23, 56, 57]. It has been shown that the D value alone
cannot uniquely provide information on both � and f(�). However, the formulation
of R(�) not only allows using SHG and SFG measurements at different c values (polar-
ization or experimental geometry) to uniquely determine � and f(�) in many cases [23],
but also allows explicit and accurate determination of D values [23–25].

D values can be accurately determined through the polarization null angle (PNA)
method. The null signal of Ið!Þ gives Rð�Þ ¼ 0, then c0 ¼ D ¼ hcos �i=hcos3 �i.
Compared with the commonly used polarization intensity ratio (PIR) method in the
SFG and SHG literature, the PNA method not only has much higher intrinsic accuracy,
but also has the ability to obtain accurate D values for interface systems where the PIR
method fails [23–25]. Even though both the PNA and PIR methods use exactly the same
set of parameters in analysis, it has been explicitly shown that the PIR method is simply
a less accurate equivalent method to calculate the orientational parameter D [23–25].
However, the PIR method has been commonly used in the SFG-VS literature for orien-
tational analysis [23, 34]. In practice in many SFG-VS works, the intensity ratio was
directly modelled without explicitly obtaining the D value [58]. In this way, the elegance
in the analysis [23, 56, 57] of the behaviour of the orientational parameter D on
molecular orientation and its distribution is generally lost. The fact is that with
more accurately determined D values through the PNA method, the sensitivity of the
unknown parameters in the treatment of SFG-VS data can be more effectively assessed.
The PNA method is central to the quantitative applications of SFG-VS, and we shall
come back to it in detail in section 3.
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Figure 1. Orientational functional R(�) versus orientational angle � at c ¼ �4, �1, 0, 1, 0:5, 1, 2:25, 4 and
K ¼ hcos2 �i versus �, assuming a �-distribution function for � [23].
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With the accurate determination of D, the first- and third-order orientational order
parameters of the interface layer or ordered molecular films, i.e. S1 ¼ hcos �i and
S3 ¼ ð5hcos

3 �i � 3hcos �iÞ=2, can be explicitly connected to SHG and SFG-VS
measurements as in the following [23, 53]:

rð�Þ ¼ 1�
c

c0

� �
hcos �i ¼ 1�

c

c0

� �
S1

¼ ðc0 � cÞhcos3 �i ¼
1

5
ðc0 � cÞð2S3 þ 3S1Þ: ð16Þ

These orientational order parameters are important in understanding the orienta-
tional order and phase transition behaviour of molecular layers as well as molecular
films. Various spectroscopic methods, such as polarized Raman and fluorescent
emission spectroscopies, have been formulated to obtain orientational parameters of
liquid crystal molecular films [59–61]. In these studies, S2 ¼ ð3hcos

2 �i � 1Þ=2 and
S4 ¼ ð35hcos

4 �i � 30hcos2 �i þ 3Þ=8 parameters were obtained. Simple formulation
can demonstrate the advantages of coherent non-linear spectroscopy, such as SFG,
SHG, CARS, Stimulated Raman, over incoherent spectroscopic methods, such as
Raman and fluorescent emission, in experimental measurements of the orientational
order parameters [53].

The above formulation provides new physical pictures and techniques for SFG-VS
and SHG interface studies [24–26]. The PNA method will be discussed in section 3,
with more examples of its applications.

2.2.3. General issues in application of SFG-VS. Even though SFG-VS is an interface
specific spectroscopic technique, the total SFG-VS signal observed may not come only
from the interface species [62–64]. If the contribution from the interfacial molecules
cannot be separated from contributions from other sources, quantitative and polariza-
tion analysis of the SFG-VS signal is more complicated or in question. The good thing
is that it has been consistently shown that for SFG-VS studies on the vapour/liquid and
most dielectric interfaces in reflection geometry, the SFG-VS signal comes dominantly
from the contribution of the interfacial species [62–65].

Techniques of quantitative treatment in SFG-VS have been developed [22–26, 34,
36–39, 66], and important issues have also been intensively reviewed [13, 15, 22, 23,
39]. The interfaces studied with SFG-VS were also carefully compiled and reviewed
in the literature [7, 15]. In terms of SFG-VS and SHG interface studies of molecular
structure and dynamics, the schematics in figure 2, following the review of the subject
summarized by C. D. Bain [13], illustrates the scope of the problems and issues in
SFG-VS and SHG interface studies.

The purpose of studies with SFG-VS and SHG is to obtain detailed molecular level
information on the population, orientation, conformation, and properties of the molec-
ular hyperpolarizability, and their changes under different chemical environments,
as well as their time dependent behaviour. The results from the analysis of the
SFG-VS and SHG experimental data can be compared with the molecular dynamics
(MD) and Monte Carlo molecular simulations, as well as ab initio calculations of the
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interfacial structure and dynamics. Some general considerations for the advantages and
limitations of the treatment of SFG experimental data are as follows.

(a) From the known SFG-VS or SHG signal, and from the knowledge on the
incoming laser beams, the �ð2Þeff of the interface layer or molecular film can be
directly measured.

(b) With quantitative correction of the Fresnel factors and local field factors,
the macroscopic SFG-VS or SHG susceptibility tensor elements �ð2Þijk can be
obtained. In this case, the values and the influences of the local field factors
in the interface layer are generally not known. They are the major uncertain
parameters for quantitative treatment of the SFG-VS and SHG data. Since
there are only four independent �ð2Þijk for a rotationally isotropic interface,
measurements in four different polarization combinations, i.e. ssp, sps, pss,
and ppp, are usually needed.

(c) Through transformation of the Euler angle, the �ð2Þijk elements are directly
connected to the microscopic (molecular) hyperpolarizability tensors, �ð2Þi0j0k0 .
This connection is generally mathematical, and can be straightforwardly
worked out [46, 67]. Since there are 12 different ways to do the Euler
angle transformation [47], it is tedious to derive and to check these
relationships. Simplification comes when only a few non-zero elements
of �ð2Þijk and �ð2Þi0j0k0 are allowed because of macroscopic and microscopic
(molecular) symmetry requirements. Such symmetry allowed terms can be
identified in the literature [16, 33, 68].

SHG or SFG
Signal

Laser
Pulses

IVIS  IIR

Ns, <q, f, y>

ab initio Calculation

Fresnel & Local Field
Factor Correction

Euler Transformation

ISF

Raman & IR Spectroscopy

MD & Monte Carlo
Simulation

(2)ceff

(2)
cijk

(2)
bi 'j 'k '

Figure 2. Schematic illustration of SFG-VS quantitative analysis. Adapted with permission from J. Chem.
Soc. Faraday Trans. 1995, 91 1281–1296. Copyright (1995) the Royal Society of Chemistry [13].
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(d) Knowledge of the spectral response of �ð2Þi0j0k0 from Raman and IR spectroscopy,
and also from ab initio calculations, is very important in terms of spectral assign-
ment and spectral fitting [13]. Spectral assignment in SFG-VS has been basically
dependent on the spectral assignment with knowledge from Raman and IR
studies. Only until very recently, efforts have been made to develop a methodol-
ogy for spectral assignment with polarization analysis of SFG-VS [26].

(e) For quantitative orientational analysis, the relative ratios between the �ð2Þi0j0k0
elements can be obtained from the Raman depolarization measurement,
combining with the bond polarizability derivative model, as well as comparison
with ab initio calculations [22, 34, 36–39, 66]. As shown in Appendices A and B,
with these ratios known, all the �ð2Þi0j0k0 elements can be expressed in a single �ð2Þi0j0k0
element and a few known ratio values. Therefore, since there are several
independent measurements in different polarizations, the absolute value of
�ð2Þi0j0k0 is not necessary for obtaining structural and dynamical information in
the interface layer. However, the approaches for determining these ratios and
the effectiveness of the bond polarizability derivative model has been generally
questioned [39], and has been rarely practiced [22, 36, 37, 39, 40].

It is then clear that the key issues on the applications of quantitative analysis of
SFG-VS and SHG techniques lie mainly in steps (b), (d), and (e). In short, they are the
values for the local field factors in the interface layer, the explicit spectral assignment,
and the values of the hyperpolarizability ratios. If these issues are not better addressed
and formulated on solid foundations, the understanding of SFG-VS spectral data, and
the calculation of the orientation and orientational distribution of the molecular
groups, cannot be substantiated, and is subject to misinterpretations and large error
bars. Consequently, SFG-VS remains a mostly qualitative, rather than a quantitative,
spectroscopic and analytical technique.

In the next two sections, we shall try to discuss how these issues can be addressed or
avoided in SFG-VS analysis, and to present recent progress in these regards.

3. Quantitative orientational and polarization analysis with SFG-VS

Here we try to give a solid formulation of the polarization null angle (PNA) method
and to demonstrate its advantages over the commonly used polarization intensity
ratio (PIR) method, on orientational analysis in SFG-VS.

Since all spectral, orientational and polarization information in SFG-VS is contained
in the �ð2Þeff as defined in equation (3), quantitative analysis with SFG-VS is to obtain
molecular information from experimental measurement of �ð2Þeff in specifically chosen
experimental conditions and configurations. As we discussed in section 2.2.3, the
primary concerns in this analysis of �ð2Þeff are its dependence on experimental configura-
tions, namely, on polarization configurations and light incident angles; on molecular
hyperpolarizability tensors, namely, the hyperpolarizability tensor ratios; and on
the local field factor values. We shall discuss these relationships, and based on these
discussions we shall discuss how the PNA method can be used for accurate molecular
orientation studies of molecular interfaces. Examples of simple vapour/liquid interfaces
are used to illustrate the improvement of the quantitative analysis in SFG-VS, for their

Spectral and orientational analysis in surface SFG-VS 205

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



SFG-VS spectra have clear and simple features. The same principles can be generally
applied to complex molecular interfaces.

3.1. Experimental configuration: the polarization null angle (PNA) method

In previous SFG-VS studies, experimental configuration analysis is certainly one of the
neglected dimensions. From our recent quantitative analysis with SHG [23], we have
noticed the importance of this missing dimension in the SFG-VS technique.

In order to better discuss issues in quantitative analysis of �ð2Þeff , equation (3) can be
rewritten as the following expressions from equations (6)–(9):

�ð2Þeff ¼ sin� sin�1 cos�2�
ð2Þ
eff, ssp

þ sin� cos�1 sin�2�
ð2Þ
eff, sps

þ cos� sin�1 sin�2�
ð2Þ
eff, pss

þ cos� cos�1 cos�2�
ð2Þ
eff, ppp: ð17Þ

Equation (17) explicitly underlines the idea that �ð2Þeff is just a linear combination of �ð2Þeff
in four independently measurable experimental configurations, i.e. ssp, sps, pss, and ppp
polarization configurations. In SFG-VS studies, measurements were done either with
all these four experimental configurations; or one, usually with ssp or ppp; or two,
usually with ssp and ppp; or three, usually with ssp, ppp, and sps, of the four
configurations.

However, since in SFG-VS experiments the measured quantity is j�ð2Þeff j
2, instead of

�ð2Þeff , the information of �ð2Þeff cannot be completely recovered from the independently
measured ssp, sps, pss, and ppp SFG-VS intensities. Recent reports on the PNA
method [23–25], polarization selection rules in SFG vibrational spectral assignment
[26], and the polarization mapping method [69] in SFG-VS have signified this point.
In this subsection we shall discuss the PNA method first, and the polarization selection
rules for vibrational spectral assignment in SFG-VS are discussed in section 4.

In the PNA method, a specific polarization set (�null,�null
1 ,�null

2 ) exists to make
the SFG signal become zero (null), thus through Rð�Þ ¼ 0 with equation (26), the
orientational parameter D can be determined. In practice, the problem can be greatly
simplified by letting �2 ¼ 0 and �1 ¼ �458 [24, 25]. Then

0 ¼ �ð2Þeff ¼ �

ffiffiffi
2
p

2
sin�null�ð2Þeff, ssp þ

ffiffiffi
2
p

2
cos�null�ð2Þeff, ppp ð18Þ

and

tan�null ¼ sin�null= cos�null ¼ �ð2Þeff, ppp=�
ð2Þ
eff, ssp: ð19Þ

The right side of equation (19) is the polarization intensity ratio �ð2Þeff, ppp=�
ð2Þ
eff, ssp, which

can directly lead to the determination of the orientational parameter D, as in the
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well established and commonly used PIR method, which calculates the D value from
either �ð2Þeff, ppp=�

ð2Þ
eff, ssp or �ð2Þeff, sps=�

ð2Þ
eff, ssp ratios [22, 34].

There are two common disadvantages with the PIR method. Firstly, when either
�ð2Þeff, ppp or �ð2Þeff, ssp is small, i.e. close to the noise level, the intensity ratio cannot be
very accurately determined from direct SFG intensity measurements. Especially
for the vapour/methanol [65], vapour/acetone [70], as well as vapour/acetonitrile [71]
interfaces, only ssp polarization has a significant SFG signal observed above the
noise level in the CH3 stretching vibrational spectral region. So the PIR method
cannot provide a good measurement of the orientational parameter D of the CH3

groups for these interfaces [65]. Generally, peaks strong in one of the four standard
polarizations are small in other polarizations; this is how the polarization selection
rule works [26], and this is discussed in section 4. Because one of the two intensities
is usually small, this undoubtedly introduces difficulties and uncertainties into
the PIR method. Therefore, the PIR method produces the desired measurement of
the molecular orientation only for a small number of interfaces [22]. Secondly,
since the SFG intensities in different polarizations are measured in the PIR method,
the relative sign between the two �ð2Þeff s has to be independently determined [65].

The expression in equation (19) gives explicit reasons why the PNA method is more
advantageous than the commonly used PIR method. Firstly, because the polarization
angle �null is the polarization when the SFG signal goes to zero (null), it can easily
be determined with an accuracy of about 1 degree, or much less. Thus, the
�ð2Þeff, ppp=�

ð2Þ
eff, ssp ratio in equation (19) can be obtained with an accuracy determined by

the error bar of the null angle �null, instead of by the error bar of the SFG intensity.
Apart from the accuracy, there is no relative sign problem in the PNA method [23].
After the �ð2Þeff, ppp=�

ð2Þ
eff, ssp ratio is accurately determined, PNA uses exactly the same set

of parameters as PIR to calculate the orientational parameter D. Therefore, the PNA
method is not simply an alternative method for the PIR method. It overcomes the
major disadvantages of the PIR method.

In the PIR method, if there is no spectral interference, the intensity ratio at the peak
position gives the same orientational parameter from the ratio of the oscillator strength
fitted from the SFG spectra. If there is spectral interference, the only reliable way
is to use the ratio between the fitted oscillator strengths from spectra of different
polarizations.

Similarly, there are two ways to obtain the null angle. The first is to directly fit the
SFG intensities measured at the peak position in different polarizations of the SF
signal, if there is no spectral interference. The second is to measure the SFG spectra
in different SF signal polarization angles and fit the spectra for the oscillator strength
values, which are then used to fit for the null angle value. The latter method is useful
when there are spectral interferences present. For the cases of vapour/acetone and
vapour/methanol interfaces, the CH3 symmetric stretch mode is a fairly isolated peak
in their SFG-VS spectrum, and experimental data have shown that both approaches
in the PNA method gave the same null angle values within the experimental error.

Using the same parameters for the vapour/methanol interfaces, measurement with the
PNA method gave D ¼ 0:97� 0:04 [24, 25], while the PIR method gave D < 1:8 [65].
Because the SFG intensity in both the ppp and sps polarization configurations
are very small and at the noise level, the PIR method can only give an upper limit
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on the D value. This has left room for speculations on the orientational order at the
vapour/methanol interface [65, 72–75]. Such a significant improvement of the accuracy
of the orientational parameter D with the PNA method now provides new oppor-
tunities in orientational analysis of the molecular interfaces. The most important aspect
of applications with the PNA method may lie with the ability to measure small changes
of the orientational order of a given molecular interface.

Figure 3 exemplifies one such application. The null angle of the symmetric stretching
SFG-VS spectral peak of the CH3 group at the vapour/methanol–water mixture inter-
face is measured at different bulk methanol concentrations. The error bar for the null
angle is about 1.58, and the error bar for the D value is about 0.06. Because the D value
is very close to unity, the interfacial CH3 group is well ordered and its symmetry axis
points up close to the surface normal. The dependence of D on � and its distribution
f(�), shown in figure 6, has been elegantly discussed by Simpson and Rowlen [23, 56,
57]. It is clear from figure 3 that the orientational order of the methanol CH3 group
at the vapour/methanol–water mixture interface changes very little throughout the
whole range of the bulk methanol concentration; and it is clear that the CH3 is getting
slightly more ordered as the bulk methanol concentration increases. These results pro-
vide strikingly detailed knowledge of the structure and energetics of this very important
and benchmark interface [65, 72–77]. With such knowledge of the molecular orienta-
tion, a double layered structure of the vapour/methanol–water mixture interface is
determined, and the adsorption free energies for the first and second layers of methanol
molecules were also determined [77, 78].

PNA measurements on the vapour/acetone–water mixture [79, 80], vapour/
acetonitrile–water mixture, vapour/DMSO-water mixture as well as vapour/
tert-butanol–water mixture interfaces [81] have also been conducted. These results
are fully consistent with these for the vapour/methanol–water mixture and vapour/
neat methanol interfaces, and some new features of the PNA method can also be
developed for studies on complex molecular interfaces. These aspects are discussed in
section 3.5 using vapour/acetone and vapour/DMSO interfaces as examples.
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Figure 3. Null angle and D values for vapour/methanol–water mixture interfaces for different bulk
methanol mole fractions [77].
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The PNA method should find unprecedented applications in molecular interface
studies. To our knowledge, the null angle measurement has been mentioned only
once [38] in previous SFG-VS studies, prior to our recent work [23–25]. Even though
the principle of null angle measurement in surface SHG was first demonstrated for
the determination of molecular orientation at silica surfaces some 20 years ago [82],
and the null angle method in SHG was further elaborated in 1990 [83], the practice
has been scarce in the SHG interface studies [23–25].

It is to be noted that even though the determination of �null is straightforward and
accurate, in order to calculate D, parameters like the hyperpolarizability ratio and the
local field factors in the interface layer, whose values are subject to uncertainties, have
to be employed. In the following sections, we shall discuss these parameters and show
that their value can be determined with fair accuracy. We shall also discuss the implica-
tions of the accurately determined D values for understanding of the orientational order
of complex interfaces. Nevertheless, the relatively small changes of the orientational
order of a given molecular interface can always be measured with the PNA method.
This will bring many new applications to molecular interfaces studies.

In any case, even though PNA and PIR use different methods to obtain the �ð2Þeff ratio,
they use the same set of parameters to calculate the D value. PNA measurement is not
only much more accurate than PIR, it can also make accurate measurement when PIR
fails. We shall see that there are many more advantages for the PNA method in terms of
quantitative polarization and orientational analysis, when we discuss the incident angle
dependence of the SFG-VS intensities below.

3.2. Experimental configuration: the incident angles

Here we discuss how incident angle geometry can be optimized for SFG-VS measure-
ment and for obtaining accurate D values free from complications of the unknown IR
refractive indices and local field factors.

Even though the issue of SFG experimental geometry has been discussed to some
extent in the SFG-VS literature [84, 85, 87], as also summarized by Buck and
Himmelhaus in their recent review article [15], the dependence of the SFG-VS signal
on the incident angles is yet to be clearly discussed in terms of effective polarization
and orientational analysis.

Generally there are two basic geometries for doing a SFG-VS experiment in either
reflection or transmission, namely, the co-propagating, and counter-propagating
geometry. The basic difference between them is that in the former case, � ’ �1, while
in the latter case � is significantly different from �1. � is the outgoing angle of the
SFG signal as defined in equation (4), while �1 is the incident angle of the visible beam.
Because the co-propagating, and counter-propagating experimental geometries in the
reflection were widely used in the SFG-VS literature, we shall limit our discussions
to them. Discussions on other geometries can follow suit.

From equations (6)–(9), it is easy to see that the value of �ð2Þeff in different polarization
configuration depends on the Fresnel factors given by equation (5). Equation (5)
indicates that the Fresnel factors are functions of the incident angles, the dielectric
constants (or the refractive indices, nið!iÞ) of both bulk phases, as well as the local
field factors in the interface layer (n0ð!iÞ). For a given molecular interface, nið!iÞ and
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n0ð!iÞ values are fixed numbers, even though the n0ð!iÞ values may not be exactly
known. Therefore, the dependence of the SFG-VS signal in different polarization
configurations on the IR and visible incident angles can be used to evaluate the
n0ð!iÞ values in some special cases [22, 40, 86].

One of the important aspects of the incident angle dependence is that the SFG-VS
spectra in different polarization configurations, i.e. ssp, sps, pss, and ppp configurations,
have different incident angle dependence. People have noticed spectral differences when
they try to compare the SFG-VS spectra on the same molecular interface obtained in
different research groups, where different incident angles of IR and visible beams
were used [84, 85, 87]. But systematic analysis on this dependence has been generally
overlooked. Here we shall show how intriguing this analysis is.

Figure 4 shows the SFG-VS spectra of the vapour/methanol interface with two sets of
incident angles (Set I: �1 ¼ 628, �2 ¼ 538; Set II: �1 ¼ 378, �2 ¼ 518) in the reflective
co-propagating geometry in ambient conditions. It is easy to see that the ppp spectrum
with Set II exhibits clear spectral features. In the literature [65, 72–75, 77], SFG-VS
spectra of the vapour/methanol interface obtained by different researchers are all
similar to the spectra on the left side of figure 4, with featureless spectra in the sps,
pss, as well as ppp polarizations. Therefore, polarization and orientational analysis
of the vapour/methanol interface has been quite limited, until the PNA method was
used recently [77].

Now with the SFG spectra in Set II, the peak intensity around 2928 cm�1 in the ppp
spectrum is about one-quarter of that in the ssp spectrum. So the polarization and
orientational analysis with the traditional PIR method can be performed. Fitting the
spectra in Set II, we obtained �ssp=�ppp ¼ �2:0� 0:3 (the other value with the þ sign
is physically unreasonable, see [65]), and accordingly the order parameter is
D ¼ 1:6þ1:1�0:6 [87]. The large error bar of this results comes mostly from the uncertainty
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Figure 4. SFG-VS of vapour/methanol interface in two different experimental configurations. The ppp SFG
spectrum shows clear features in the right, but no features in the left. The incident angle dependence can be
fully quantified by the calculated d 2Rð�Þ values, with known parameters discussed later. Full results to be
published elsewhere. The assignments of the peaks can be found in table 4.
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from fitting the weak ppp peak. This error bar of the D value from the PIR method is
thus about one order of magnitude larger than that from the PNA measurement
discussed in section 3.1.

Analysis of the incident angle dependence not only can help find proper incident
angles to increase spectral intensity in certain polarizations, usually the ppp spectrum
is the most sensitive, but also can be used to find proper incident angles for optimiza-
tion of the accuracy and sensitivity of the PNA method. With Set I incident angles, the
PNA method gives D ¼ 0:97� 0:06, while with Set II incident angles, the PNA gives
D ¼ 0:96þ0:18�0:15. This difference of error bars with measurement in different incident
angle sets is not accidental. Full incident angle analysis has indicated that with Set II,
the error bar is about three times of that with Set I, when the accuracy for the
�null value measured in the PNA experiment is the same [87]. Analysis further indicated
that the PNA sensitivity depends only very slightly on the IR incident angle �2, but the
dependence on the visible incident angle �1 is quite significant. Analysis has also shown
that the optimal incident angles are �1 ffi 608 and �2 between 508 and 708 in order to get
the best PNA sensitivity and strong SFG-VS signal in the ssp polarization for the
vapour/methanol interface [87].

Thus, we have shown that incident angle analysis is quite useful in terms of obtaining
unseen spectra in certain polarizations, and it is also quite useful in terms of doing PNA
analysis with optimal incident angles. Now we are going to discuss one of the
crucial aspects from incident angle analysis in SFG-VS. It is the fact that the polariza-
tion and orientational analysis is essentially insensitive to the IR refractive indices
in the co-propagating experimental configurations. This fact clearly makes the
co-propagating experimental configurations the ideal choice for polarization and orien-
tational analysis, and additional knowledge of the IR refractive indices can be obtained
from counter-propagating geometries.

As discussed in the literature [22, 40, 83, 88–90] and indicated in equation (5), the
determination of the molecular orientation with SFG-VS and SHG is quite sensitive
to the values of n0ð!iÞ, which is usually not accurately known, especially for the IR
wavelengths. Moreover, in some cases the value of n0ð!2Þ, as well as n2ð!2Þ in the IR
wavelengths should vary significantly across the spectral region, because the dispersion
of the refractive index in resonance with the IR wavelengths can be strong. Therefore,
in order to make a quantitative analysis of �ð2Þeff , it is most difficult to assess the values
of the Liið!2Þ terms in equation (3). In most SFG-VS studies, this issue of uncertainty
on IR refractive indices was generally evaded and the treatment can only be considered
qualitative and semi-quantitative, except for a few very careful studies by Zhuang,
Wei and Shen et al. [22, 40].

However, detailed analysis of the terms in equations (6)–(9) provides a relatively easy
solution for this problem. This comes from the fact that in equation (9), the second and
third term nearly cancel each other in a co-propagating geometry. When both the
SF frequency ! and the visible frequency !1 are not in resonance with the interfacial
molecules, �xzx ¼ �zxx is generally valid. Therefore, the sum of the second and third
terms in equation (9) is proportional to the term � ¼ �cos� sin �1 þ sin � cos�1 ¼
sinð�� �1Þ for co-propagating geometry. For counter-propagating geometry,
� ¼ �sinð�� �1Þ, as from the discussion above for equation (3). Table 1 lists
calculated � values for incident angle Set I and Set II in both co-propagating and
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counter-propagating geometries. The calculation indicates that in the co-propagating
geometry, the second term and the third term in equation (9) contribute insignificantly
to the total �ð2Þeff, ppp, as discussed by Wei and Shen et al. [40]; while in the counter-
propagating geometry, these two terms contribute quite significantly. For the SFG
experiment in collinear geometry, where � ¼ �1 ¼ �2, one always has �¼ 0. This
indicates that in order to have better cancellation of the second and third terms in
equation (9), it is better to arrange the IR and visible beams as close to collinear
geometry as possible, for example, the �1 ¼ 608 and �2 ¼ 558 set is better than the
Set I and II incident angles.

Now with the remaining two terms in equation (9) for �ð2Þeff, ppp in the co-propagating
geometry, the ratio �ð2Þeff, ppp=�

ð2Þ
eff, ssp is very weakly dependent on the refractive

indices across the IR wavelengths, since the term Lzzð!2Þ in �
ð2Þ
eff, ppp=�

ð2Þ
eff, ssp can simply

cancel each other. Because the �ð2Þeff, ppp=�
ð2Þ
eff, ssp value can be accurately determined

from the PNA measurement as shown in equation (19), polarization analysis with
co-propagating geometry should be generally immune from the uncertainty of the
refractive indices and local field factors in the interface layer across the IR wavelengths.

It is interesting to note that even though �ð2Þeff, sps, �
ð2Þ
eff, pss, and the second and third

terms in �ð2Þeff, ppp themselves do not contain the n0ð!2Þ term, they have to be avoided
in order to make sure �ð2Þeff, ppp=�

ð2Þ
eff, ssp is free from the influence of n0ð!2Þ, as well as

the n2ð!2Þ, n2ð!1Þ values. Generally, n0ð!2Þ cannot be exactly known for the IR wave-
lengths; while n2ð!2Þ and n1ð!2Þ (n1ð!2Þ ffi 1:00 if medium 1 is air) can be measured
but the data is generally not available. Even when they are available, different values
at each wavelength near the resonant IR frequency greatly complicate the data proces-
sing. Therefore, in practice the analysis here simplifies a lot of things in SFG-VS quan-
titative analysis, and underlines the effectiveness and accuracy of the PNA methods
in the co-propagating geometry. Actually, we did find that in the calculation of the
D values with the PNA method, the resulted D value changed very insignificantly
when the values of the IR refractive indices were varied in a fairly large range. In the
mean time, D is much more sensitive to the values of the refractive indices of the SF
and visible laser frequencies used.

Therefore, one can reach the following conclusions from equations (6)–(9) and the
discussions above,

(a) The ratios �ð2Þeff, sps=�
ð2Þ
eff, ssp or �ð2Þeff, sps=�

ð2Þ
eff, ppp are not independent of the refractive

indices across the IR wavelengths, even for the co-propagating geometry.

Table 1. Comparison of � values for different incident angles in co-propagating and counter-propagating
geometries. The wavelengths and frequency used are: visible ð!1Þ 532nm, IR ð!2Þ 3000 cm

�1. In order to
compare with the other two terms in equation (9), �=�1 and �=�2 are also calculated, where

�1 ¼ cos� cos�1 and �2 ¼ sin� sin�1:

Geometry �1 ð
�
Þ �2 ð

�
Þ � ð�Þ � �=�1 �=�2

Co-propagating 62.0 53.0 60.6 �0.024 �0.10 �0.03
Counter-propagating 62.0 53.0 40.7 0.36 1.0 0.63

Co-propagating 37.0 51.0 38.8 0.031 0.050 0.082
Counter-propagating 37.0 51.0 24.3 0.22 0.30 0.89

Co-propagating 60.0 55.0 59.3 �0.012 �0.047 �0.016
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Therefore, determination of the orientational parameter D using these two
ratios is subject to large errors and uncertainties. However, if the orientational
parameter can be accurately determined with other measurement, e.g. from
�ð2Þeff, ppp=�

ð2Þ
eff, ssp, these two ratios can be used to calculate the IR local field

factor in the interface layer.
(b) Polarization analysis in counter-propagating geometry has to deal with the

strong dependence on the refractive indices across the IR wavelengths.
Therefore, in order to have better quantitative polarization and orientational
analysis, the counter-propagating geometry should be generally avoided in
SFG-VS interface studies.

(c) If a series of SFG-VS measurements using both co-propagating and counter-
propagating geometries with certain incident angles are conducted on the
same molecular interface, the co-propagating geometry experiments should be
able to give reliable information on the molecular orientation, and based on
this information, the counter-propagating geometry experiments should be
able to give information on the IR refractive indices. In general, combining
measurements with different incident angle sets and using their different relative
sensitivities on different parameters should directly benefit quantitative
polarization and orientational analysis in SFG-VS.

The effectiveness of the co-propagating geometry discussed above may not hold for
double resonance SFG-VS, in which the SF frequency is usually in resonance with
the interfacial molecules. Therefore, �ð2Þxzx ¼ �

ð2Þ
zxx generally does not hold due to the

dispersion in the SF frequency, and the first two indices in �ð2Þijk cannot be interchanged.
In these cases, the co-propagating geometry may not be advantageous over the counter-
propagating geometry in quantitative polarization and orientational analysis.

Therefore, incident angle and incident geometry analysis is very important in terms of
polarization and orientational analysis. It not only further exhibits the effectiveness of
the PNA method, but also helps simplify parameter analysis in SFG-VS, especially in
avoiding the influence of the refractive indices across the IR wavelengths in SFG-VS
quantitative polarization and orientational analysis.

3.3. Value of the local field factors in the interface layer

Here the values of the local field factors and models to assess these values are discussed.
Determination of the molecular orientation in SFG-VS and SHG is subjected to the

values of the local field factor n0ð!iÞ in the interface layer [22, 40, 83, 88–90]. We would
like to point to the classical papers by Shen and his co-workers for the definition of the
effective indices n0ð!iÞ, or the effective dielectric constant �

0ð!iÞ ¼ ðn
0ð!iÞÞ

2, of the inter-
face layer [22, 40, 91]. The physical meaning of �0ð!iÞ is the ratio between the micro-
scopic local-field correction factors, i.e. �0ð!iÞ ¼ lk=l? [22, 40, 91]. Therefore, �0ð!iÞ

depends on the anisotropy of the dielectric properties in the molecular layer, and
also depends on the orientational order of the molecular dipoles [91].

It is known that since the interface layer is only one or several molecules thick and
with certain orientational order, its refractive index can be different from that of the
bulk material formed with the same molecule [89, 92–99]. A theoretical treatment
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of the local-field correction factor lii in the molecular layer for SHG was given by a clas-
sical point-dipole model by Ye and Shen [91]. In a molecular monolayer with rotational
symmetry around the interface normal z, we generally have lk ¼ lxx ¼ lyy, l? ¼ lzz. The
point-dipole model expresses the lii in terms of molecular packing distances, the
molecular polarizability 	ii at the optical frequencies in the parallel and perpendicular
directions, as well as the distance of the molecule from the defined substrate surface.
This model has been tested in some cases and can quantitatively describes the local-
field correction factor lii in the molecular layers [92, 93, 95–99]. However, it is generally
more difficult to determine the parameters with enough accuracy in this model.
In particular, on one hand, accurate orientational angles and distributions of the
molecular dipoles in the molecular layer have to be known to calculate the lii terms
for obtaining �0ð!iÞ, and on the other hand, �0ð!iÞ value have to be known to determine
the orientational angles and distributions from the SHG or SFG-VS experimental
measurements in different polarization combinations. Therefore, this problem has to
be solved through a self-consistent approach, as suggested by Munn et al. [97–99].
Here we are not going to get into the detailed expressions and parameters of
this point-dipole model. However, we would like to point out some facts from the
calculations with the lii terms from the point-dipole model.

(a) Molecular polarizability 	 in the optical frequency for small molecules
is typically in the range of a few Å3, for example, a water molecule has
	¼ 1.5 Å3 and a methanol molecule has 	¼ 3.3 Å3 [100]. With the molecular
distance calculated from their bulk densities, their lii are relatively small and
close to unity. Therefore, according to the formula in Ye and Shen [91],
the n0ð!iÞ of the water interface changes from 1.14 to 1.21 when the molecular
dipole of the water molecule at the pure water interface changes from
completely flat to upright; while for the methanol interface, n0ð!iÞ changes
from 1.18 to 1.25. Because the molecular polarizability 	 is generally additive,
the larger the molecule, the bigger the 	, as well as the molecular
distance. Since the molecular dipole is usually not completely flat or completely
upright at the interfaces, therefore, for dielectric molecular layers far from
electronic resonances, it is reasonable to say that for a simple liquid not in
resonance or strong dispersion, n0ð!iÞ is generally around 1:20� 0:05, which is
very close to the n0ð!iÞ ¼ 1:18� 0:04 value used in recent quantitative analysis
[22, 40, 86].

(b) For large chromophore, 	 is usually more than one order larger than for small
molecules. For example, the chromophores of 5CT and 8CB molecules have
their 	>50 Å3 at 800 nm [97–99, 101]. Simulation of an 8CB monolayer with
the formulation in Ye and Shen [91] shows that its n0ð!Þ changes from about
1.4 to 1.9 as the orientation angle changes for about 108 in the molecular
monolayer and its average interface density changes from 52 to 40 Å2 [101].
Therefore, n0ð!Þ of such molecular layers changes significantly with
the interface molecular density as well as molecular orientation. We have
recently developed a self-consistent approach to calculate the molecular orienta-
tion and n0ð!Þ values from the SHG data using the classical point-dipole
model of the 8CB Langmuir monolayer at the air/water interface [23, 101].
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Both molecular orientation and the local field factors can be obtained at
different surface densities, and they agrees quantitatively with the simulation
results above.

As summarized by Shen et al. [22], in the SFG-VS and SHG literature, the values of
n0ð!iÞ were used either equal to the refractive index of one of the bulk phases, or equal
to the bulk refractive index of molecules in the interface layer, or equal to values from
certain experimental estimations. According to the discussions above, these approaches
were not on solid foundations. However, in the past two decades or so, Shen and his
co-workers have built the foundations for a quantitative treatment of this problem
[22, 40, 91]. In practice, the polarization and experimental configuration analysis of
SFG-VS and SHG we have demonstrated in the previous sections can also be helpful
on this problem.

There are three n0ð!iÞs, namely, n0ð!Þ for the SF frequency, n0ð!1Þ for the visible
frequency, and n0ð!2Þ for the IR frequencies, one has to deal with in SFG-VS analysis.
In single resonant SFG-VS studies, n0ð!Þ ¼ n0ð!1Þ is generally valid within 0.03 units,
because the dispersion effect is small between the SF and visible frequencies. In
section 3.2, we demonstrated that by choosing co-propagating geometry for polariza-
tion and orientational analysis, the value for n0ð!2Þ of the IR frequency is insensitive
in the analysis. Therefore, the problem can be generally simplified by letting n0ð!Þ ¼
n0ð!1Þ ¼ n0ð!2Þ in quantitative analysis with co-propagating SFG-VS measurement.
Thus, only one value for the effective refractive index in the interface layer, i.e. n0ð!Þ,
needs to be determined or modelled. However, for SFG-VS in counter-propagating
geometry, this assumption is generally not valid.

In a recent study, Shen and co-workers used n0ð!iÞ ¼ 1:18� 0:04 for all the molecular
moieties in the 5CT Langmuir monolayer at the air/water interface [22]. So far this
work is one of the benchmark analyses of molecular orientation and conformation
with both SFG-VS and SHG [22, 40]. By doing so, consistent orientation angles and
conformation for the CH3, terphenyl and CN groups of the 5CT molecule were
obtained. However, they also pointed out that using the n0ð!iÞ ¼ 1:18� 0:04 value
for the terphenyl and CN groups is less justifiable, and the use of the proper values
for n0ð!iÞ in SFG-VS and SHG has to be determined with care [22].

From what we have discussed of this analysis, we can now provide some new
perspectives on these results.

Firstly, since the co-propagating geometry was employed for SFG-VS measurement
in this work [22], it is justifiable that n0ð!iÞ ¼ 1:18� 0:04 worked quite well with the
CH3 groups. This value was also supported by calculation with the Lorentz model
treatment [22]. This Lorentz model implies a sharp interface with only randomly
oriented dipoles. Therefore, it can be used to estimate the lower middle point, with
the lower limit for the molecular dipole lying completely flat and with the upper
limit completely upright at the interface of the n0ð!iÞ at the dielectric interfaces with
molecules of small molecular polarizability 	. As in the above discussions, the error
with this estimation is expected to be less than 0.05 units for such interfaces.

Secondly, for the CN group, since the SFG-VS peak intensity of the ppp and sps
are very small [22], the calculation with the ratios �ð2Þeff, sps=�

ð2Þ
eff, ssp and �ð2Þeff, ppp=�

ð2Þ
eff, ssp

using the PIR method is subject to significant errors. Furthermore, from the
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discussion in section 3.2, these two ratios has very different dependence on the IR
refractive indices and local field factors. Therefore, the n0ð!iÞ ¼ 1:18� 0:04 calculated
from these data might be subject to these errors. We have recently investigated the
same system with the PNA method and conducted polarization analysis; the results
indicated that the n0ð!iÞ value for calculating the CN orientation is larger than
1:18� 0:04 [101].

Thirdly, in calculating the terphenyl group orientation angle with SHG using the
fundamental wavelength at 532 nm, n0ð!!Þ has to be significantly different from
n0ð!2!Þ because of dispersion. Moreover, the jn0ð!2!Þ=n

0ð!!Þj ratio can be directly deter-
mined from the SHG experiment, and it is usually significantly different from unity
[23, 83]. Therefore, the treatment of SHG data of the terphenyl group with the assump-
tion of n0ð!2!Þ ¼ n0ð!!Þ, as well as n

0ð!iÞ ¼ 1:18� 0:04, is generally not justifiable. The
same conclusion goes for the treatment of the SHG study of the biphenyl chromophore
in 8CB molecules at a rubbed polymer surface [23, 40]. A self-consistent calculation
of the local field factors and the chromophore orientation in the 8CB Langmuir
monolayer has been conducted, which indicates that it is possible to address the
problems on changing n0ð!iÞ values at different surface densities and orientations in
such molecular layers [23, 101].

Therefore, it is still an open problem whether the layers with the CH3, CN and
terphenyl groups should use different or the same n0ð!iÞ values in their orientation
calculation, since they are within the same molecule layer. If different n0ð!iÞ values
have to be used for each of them, this implies three dielectric layers at this interface,
which can be probed with different IR or visible frequencies. Further investigation
with more accuracy is certainly warranted. Even with these flaws, the basic conclusion,
the problem discussed and the procedure presented on molecular orientation and con-
formation analysis with SFG-VS and SHG in Zhuang and Shen’s work [22] are extre-
mely useful and illuminating. This work along with others has inarguably demonstrated
how SFG-VS and SHG can certainly ‘allow us to completely map out the orientation
and conformation of a fairly complicated molecule at an interface’ [22].

In summary, the n0ð!iÞ values for dielectric molecular layers not in resonance with
the SF or visible frequencies is about 1:20� 0:05. For such interfaces, experiments
with SFG-VS found that n0ð!iÞ ¼ 1:18� 0:04 can be used for the CH3 groups at
liquid and polymer film interfaces [22, 86], without being subject to significant errors.
The Lorentz model described by Shen et al. may be used to estimate the lower
middle point of the n0ð!iÞ values at simple dielectric interfaces, with an error smaller
than 0.05 units. The D values in sections 3.1, 3.2 and 3.5 were calculated with the
n0ð!2Þ values from this Lorentz model. Since the n0ð!2Þ can be made insensitive in
the SFG-VS treatment with experiment in the co-propagating geometry,
n0ð!Þ ¼ n0ð!1Þ ¼ n0ð!2Þ can be generally used in the calculation. However, this does
not suggest that the values of the IR refractive indices and local field factors are trivial.
On the contrary, this suggests a clear approach to address the issues regarding the
values of the IR refractive indices and local field factors in the ordered interface
layers. For molecules with large chromophores at the interface, n0ð!iÞ changes signifi-
cantly with the surface density and chromophore orientation. Further investigation is
certainly needed for such interfaces, and the use of the proper values for n0ð!iÞ in
SFG-VS and SHG has to be determined with care. Generally speaking, knowledge
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of the n0ð!iÞ values is still not as certain as one expects. Therefore, it should be noted
that the orientational parameter values calculated from SFG and SHG experiment
data are generally subject to this uncertainty. This certainly calls for detailed molecular
theory for dielectric interfaces.

3.4. Raman depolarization ratio and hyperpolarizability tensor ratios

Here the use of the Raman depolarization ratio and the bond polarizability derivative
model on obtaining hyperpolarizability tensor ratios in SFG-VS analysis is discussed.

Since the very beginning of SFG-VS studies of molecular interfaces, there was a need
to simplify the quantitative analysis of the polarization SFG-VS data through seeking
for proper hyperpolarizability tensor ratios combining with symmetry analysis of the
molecular vibrational modes so as to reduce the problem to a single unknown non-
zero molecular polarizability tensor element �i0j0k0 [34]. The Raman depolarization
ratio and bond polarizability derivative model has been used to obtain a quantitative
description of the hyperpolarizability tensor ratios in SFG-VS quantitative analysis
[22, 34, 36–40, 66, 102]. (See Appendices A and B for details.) Even though there
are many applications in the literature, these two approaches should still be used
with general caution [22, 39], because the quantitative agreement of these approaches
with SFG-VS spectral analysis has not been systematically tested. In order to have
such a test, clearly defined parameters and SFG-VS data from reliable model molecular
interfaces have to be used. We shall discuss these problems from our recent attempts
on quantitative polarization and orientational analysis on simple vapour/liquid
interfaces. So far, our general conclusion is that the hyperpolarizability tensor ratios
obtained from the Raman depolarization ratio and the bond polarizability model
can fairly well quantitatively, if not 100% accurately, reproduce and explain SFG-VS
spectra for stretching vibrational modes of the CH3, CH2 and CH groups obtained
in different polarization configurations. However, the single CH bond polarizability
derivative ratio value is not simply transferable among all CHn groups as initially
expected, but their relative values can be quantitatively compared with SFG-VS
studies [36, 37].

Now we briefly show how the value of the hyperpolarizability tensor ratio R for the
C3v groups can be determined from the Raman depolarization ratio �, which can be
fairly accurately measured with polarized Raman techniques [103, 104]. The connection
between the Raman depolarization ratio � and the hyperpolarizability tensor ratio is
from equation (12). The Raman tensor 	0i0j0 of the C3v group has three symmetric
tensor elements, i.e. 	0aa ¼ 	

0
bb,	

0
cc [36, 104]. Thus �i0j0k0 ¼ 	

0
i0j0 � 


0
k0 (in order to simplify

the expressions, the common constant in equation (12) can be omitted), and for
C3v group there are three corresponding symmetric hyperpolarizability tensors, i.e.
�aac¼ �bbc, �ccc. So if we define R ¼ �aac=�ccc ¼ 	

0
aa=	

0
cc, according to the expressions

for the Raman depolarization ratio � [36, 104], we have

� ¼
3�2

45	2 þ 4�2
¼

3

4þ 5 ð1þ 2RÞ=ðR� 1Þ½ �
2

ð20Þ
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with

	 ¼
1

3
ð	0aa þ 	

0
bb þ 	

0
ccÞ ¼

1

3

ð�aac þ �bbc þ �cccÞ


0c

�2 ¼
1

2
ð	0aa � 	

0
bbÞ

2
þ ð	0aa � 	

0
ccÞ

2
þ ð	0bb � 	

0
ccÞ

2
� �

¼
1

2

ð�aac � �bbcÞ
2
þ ð�aac � �cccÞ

2
þ ð�bbc � �cccÞ

2
� �


02c
:

If we let Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3=5Þðð1=�Þ � ð4=3ÞÞ

p
, then equation (20) gives �Q ¼ ð1þ 2RÞ=ðR� 1Þ.

So from a single � value, there are two corresponding R values as shown below.
However, in reality only one R is physically correct. Eisenthal et al. demonstrated
a method with polarized SFG-VS measurements to determine which R value is the
correct one [38]

R ¼
Qþ 1

Q� 2
ðfor þQÞ or R ¼

Q� 1

Qþ 2
ðfor �QÞ: ð21Þ

Generally, one can show with the bond polarizability derivative model that with
0 	 r < 1 for the single XH bond, C3v groups, such as CH3, NH3, and SiH3, have
1 < R 	 4 [22]. However, in the SFG-VS literature, there was some confusion on
choosing the correct R values [1, 39, 105–107]. (In [39], it was stated that R and R�1

correspond to the same � value without supporting information. In [105], a R value
<1 appeared, being chosen for analysing SFG-VS data for the CH3 groups at the
DMSO aqueous solution interface. In [1, 107], R<1 were used for SFG-VS analysis
of the NH3 aqueous solution interface. This latter case was simply caused by using
the Raman polarizability tensor data from reference [106], which misplaced the 	xx
and 	zz values.) It is clear from equation (21) that the product of these two R values
is ðQ2 � 1Þ=ðQ2 � 4Þ. Of course, when Q is large, this value approaches to unity, as
indicated in some SFG-VS literature [39]. The reason that the Raman polarization
ratio along cannot determine these two R value is easy to understand. The relationship
of 	0aa ¼ 	

0
bb 6¼ 	

0
cc indicates that the molecular group is a symmetric top. If R<1, it is a

prolate symmetric top; while R>1 is an oblate symmetric top. The � value measured in
an isotropic phase is the rotational average over all possible randomly distributed
molecular orientations. Therefore, it is natural that � is not able to tell the difference
between a prolate symmetric top from a oblate symmetric top when their Raman
tensor ratio Rprolate and Roblate satisfy Rprolate Roblate ¼ ðQ

2 � 1Þ=ðQ2 � 4Þ. However,
when the molecule is oriented, as in the interface layer, polarization spectroscopy can
easily tell whether it is a prolate top or an oblate top [59]. This is why the polarization
method demonstrated by Eisenthal et al. works with SFG-VS polarization
measurements [38].

The effectiveness of the Raman depolarization ratio � for determining the hyper-
polarizability tensor ratio R for the C3v groups relies on the following three factors:
(a) the validity of equation (12); (b) the accuracy of the � values; (c) the R value
measured in one environment, e.g. the bulk liquid, can be used for another, e.g.
the interface.
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The validity of equation (12) has been fairly well established [33, 36, 67]. Experiments
with ordinary Raman or coherent Raman techniques have shown that the depolariza-
tion ratio � can be measured as accurately as 0.001 [103, 108]. Experiments have shown
that the Raman polarization ratio of the –CN and –C–C– stretching vibrations in a
series of cyano-biphenyl liquid crystals did not change when temperature (338 to
368K) and pressure (0 to 150MPa) are changed in a broad range [109–111]. For
example, under different temperature and pressure, the R value of the –CN group
from these measurements all fell into the range 0.26–0.27. Therefore, there is good
reason to believe that the Raman depolarization ratio � essentially does not change
from the bulk liquid to liquid interfaces, unless specific interactions greatly alter related
chemical bonds.

Even though there was discussion on whether the local mode treatment of the CH3

and CH2 groups with C3v and C2v symmetries, respectively, is valid, [39, 49] it has
been generally accepted in molecular spectroscopy textbook that ‘. . . in the case of
C–H stretches, the high frequency of the local vibration of the C–H bond tends to
uncouple that motion from that of the rest of the molecule’ [112]. In addition, slight
deviation from the exact C3v symmetry of the CH3 group in actual molecules can be
treated with perturbations, as discussed by Hirose et al. [36].

With above considerations, the Raman depolarization ratio � obtained from experi-
ment ought to be reliable for calculation of the R values, especially for the CH3 group.
There is no reason to attribute big uncertainties to the R values if it is obtained from the
Raman depolarization measurement data, even though it is clear that the R values for
different CH3 groups cannot be transferable. For example, R for the CH3 group in
methanol is 1.7, in ethanol is 3.4, and in ethane is 1.4 [39]. These are values directly
obtained from � values measured in Raman experiments, and can be used to quantita-
tively address the different SFG-VS spectral features observed from these molecules,
as we shall demonstrate in section 4 [26, 43].

For the symmetric stretching modes of C2v groups, such as CH2, because generally
�aac 6¼ �bbc 6¼ �ccc, besides �, an additional parameter has to be employed to get the
values for the two hyperpolarizability tensors: Ra ¼ �aac=�ccc and Rb ¼ �bbc=�ccc. This
is partly responsible for why polarization and orientational analysis of SFG-VS spectra
of the CH2 group has been scarce in the literature [26, 36, 37, 40, 41, 113]. All these
works were based on the calculation of the ratio Ra and Rb with the bond polarizability
derivative model.

Hirose et al. formulated the SFG-VS bond polarizability derivative model for calcu-
lating the hyperpolarizability tensors of the CH3 and CH2 groups [36, 37, 114]. (See
details in Appendix B.) In this formulation, the hyperpolarizability tensor elements
�i0j0k0 of CH3 group with C3v symmetry or CH2 group with C2v symmetry are expressed
into quantities proportional to the bond polarization derivative ratio r of a single CH
bond, as defined in Appendix B [37]. Therefore, the Raman depolarization ratio �, the
hyperpolarizability ratio R for CH3 group, and the Ra and Rb ratios for CH2 can be
expressed as a simple function of r. With the experimentally determined � values, R,
or Ra and Rb, can be uniquely determined for quantitative polarization analysis
in SFG-VS. Therefore, in this approach by Hirose et al., the value of the single
bond polarizability derivative ratio r is the only parameter needed to calculate the
polarization and orientational dependence in SFG-VS. All the derivation assumed
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C3v symmetry for the CH3 group, and C2v symmetry for the CH2 group. Hirose et al.
also pointed out that distortions from C3v and C2v symmetry can be treated with
small perturbations, and the relationships should generally hold, with slightly different
r values [36].

However, the formulation derived by Hirose et al. has not been quantitatively tested
for its effectiveness in SFG-VS analysis, and its application in SFG-VS analysis has been
scarce. The general validity of the bond polarizability derivative model in SFG-VS
analysis has been questioned with concerns about the transferability of the r and R
values [39]. We recently reevaluated the expressions given by Hirose et al. for the hyper-
polarizability tensors. We found that they are not consistent with themselves in
different publications [36, 37, 114]. Therefore, attempts to test them cannot be done
without completely re-deriving the equations (see details in Appendix B). Since the
R value for the CH3 group can be directly derived from the � value without using
the Hirose formulation, and CH3 has been the major focus in SFG-VS studies [15],
Hirose’s formulation were often mentioned but not practiced in the SFG-VS literature.

On the other hand, Shen et al. used the bond additivity model which is essentially the
same as Hirose’s formulation and performed detailed quantitative SFG-VS analysis on
CH2 at a polyvinyl alcohol surface [40, 41]. In this work, Shen et al. used the single
bond polarizability derivative ratio r¼ 0.14, which was obtained for the CH single
bond in the CH3 group in alkanes [115]. (The r¼ 0.14 value for the CH single bond
in SFG-VS references [40, 41, 113] was cited in this paper. However, suggestions of
this value cannot be found here.) The success of this work seems to suggest the validity
of the bond polarizability derivative treatment. But since r can have different values for
different CH bonds, the question of whether the bond polarizability derivative model is
valid, and whether such r values can be used, needs to be addressed.

The bond polarizability derivative theory was first formulated and tested with rela-
tively satisfactory results by D. A. Long in the 1950s to explain the relative intensities
in Raman spectroscopy [116–120]. This theory was based on the simple assumption that
a bond between two atoms ‘has the same polarizability irrespective of environment,
provided, of course, that it remains a correct representation of the bond in the molecule
in question’ [116]. The bond polarizability derivative, which is proportional to the
square root of the Raman intensity, of a certain bond, e.g. C–H, can be empirically
fitted from the observed Raman intensities. If this property is transferable between
molecules, then relative Raman intensities can be predicted in another molecule
[116–121]. However, later detailed experimental and theoretical studies have shown
that the transferability of the bond polarizability derivative values is actually limited
[115, 122–127]. Theoretical calculation have shown that the bond polarizability deriva-
tive of individual CH bond in a molecule with different positions can vary by up to 40%
[127]. Therefore, the bond polarizability derivative may not be as transferable as initi-
ally hoped [116, 127]. However, it has been shown that bond polarizability derivative
with similar molecular structure features may cluster at certain values, and since assign-
ment of individual Raman peaks to particular bonds is generally out of the question,
‘it is not inappropriate to use an average value for the total (Raman) intensity in the
CH region’ [127]. In SFG-VS, with narrower peaks, it is possible to distinguish
modes belonging to the same kind of groups connected to different atoms in the
molecule (see figure 10).
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Therefore, it seems that the formulation by Hirose et al. can be valid in principle,
even though the r values cannot be transferable between different molecules. Here we
provide two direct examples with SFG-VS spectra from simple liquid interfaces to
demonstrate that the Hirose formulation is far more effective and valid than previously
thought, of course, using the re-derived expressions in Appendix B. As we shall discuss
in section 4 [26, 43], SFG-VS as a vibrational spectroscopic technique is probably a
more suitable technique for studying molecular group symmetry and detail vibrational
spectral splitting in the condensed phase. SFG-VS spectra from liquid interfaces are
generally narrower than IR and Raman spectra in the liquid phase. Molecules at the
interfaces are naturally ordered, and since the interface is only molecularly thin, such
a molecular path length does not disperse or rotate the SFG signal as with ordered
bulk samples in the IR and Raman experiment where the light travels for a much
longer optical path inside the sample. With SFG-VS as an intrinsically coherent polar-
ization spectroscopy, these features allow SFG-VS to be truly sensitive to symmetry and
spectral details, in comparison with other polarized spectroscopy techniques [59].
Therefore, SFG-VS from the interface layer should be a good ground to test the
effectiveness of the bond polarizability derivative model.

The vapour/methanol interface was the first neat liquid interface to be studied with
SFG [65]. The total lack of ppp and sps spectral features from the vapour/methanol
interface has been well reported in the literature [65, 72–75, 77]. In figure 4, it
is shown that with �1 ¼ 378 and �2 ¼ 518 co-propagating geometry, the ppp spectral
features at 2828 cm�1 and 2940 cm�1 can be observed. Because the intensity changes
between these two spectra agree well with the R¼ 1.7 value, as well as the bond
polarizability derivative model with r¼ 0.27, this result quantitatively validates the
R¼ 1.7 value obtained directly with the � and the bond polarizability calculation.
The lack of features in the 2965–2980 cm�1 region for the asymmetric stretching
(as) mode of the CH3 in both experimental configurations can also be fairly well
explained by the small �aca=�ccc ratio calculated from the bond polarizability model
in Appendix B.

Figure 5 presents SFG-VS spectra taken in the �1 ¼ 608 and �2 ¼ 558 co-propagating
geometry on vapour/methanol and vapour/ethanol interfaces [43]. On the ppp and sps
spectra, the CH3 asymmetric stretching around 2965 cm�1 for methanol is more than an
order weaker than that for ethanol. These cannot be explained by the different orienta-
tions of the CH3 groups at the two interfaces. However, it can be explained with the
bond polarizability derivative model, with the different r values calculated from the
different experimental � values. Using the expressions in Appendix B, for methanol,
�aca=�ccc ¼ 1:0, while for ethanol �aca=�ccc ¼ 3:4. Therefore, with the same orientation
of CH3 and with close �ccc values, the as SFG-VS peak intensities for methanol on ppp
and sps have to be ð3:4Þ2 ¼ 12 times weaker than those for the vapour/ethanol interface,
where the as peaks at 2965 cm�1 are pronounced features on both ppp and sps spectra.
The interference features around 2965 cm�1 on ssp spectra for the ethanol interface
is also observed. These effects can all be quantitatively analysed with the known
R values and with the bond polarizability derivative formulation [101]. These results
clearly indicate that the bond polarizability model is fairly effective and valid in
quantitative analysis of SFG-VS spectra. It also indicates that the r values for
the single CH bond cannot be directly transferred between different molecules
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in SFG-VS studies. This latter point suggests that one can use SFG-VS spectra to
distinguish CH bonds with different bond polarizability derivative values.

The relative intensity of the 2828 cm�1 peak for vapour/methanol and the 2870 cm�1

peak for the vapour/ethanol interface belongs to the CH3 group in methanol and
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Figure 5. SFG-VS spectra of the vapour/methanol and vapour/ethanol interface with �1 ¼ 608 and
�2 ¼ 558 in co-propagating geometry. Assignments of the peaks can be found in table 4 [43].
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ethanol, respectively [43]. The single bond CH has r¼ 0.27, and the CH3 group has
R¼ 1.7 for the methanol molecule; while for the ethanol molecule, r¼ 0.025 and
R¼ 3.4. Since their relative intensity is about 2.8, calculation of their intensity, group
orientation angle, and comparison with equation (39) show that �CH,methanol

ccc =
�CH, ethanol
ccc ¼ 0:70 [101], if their transition dipole moments are held with close values.

This quantitatively explains the difference of the CH bond between methanol and
ethanol CH3 groups. With larger 	0

 values perpendicular to the CH bond in methanol,
its 	0�� is smaller, therefore its �CH,methanol

ccc value is also smaller than those for ethanol.
The results indicate that quantitative comparison of the bond polarizability derivative
values in different molecules is possible, and most importantly, such detailed compar-
ison of the different CH bonds in methanol and ethanol can be used as one of the
examples for the success of the bond polarizability derivative model.

In section 4.2, comparison of SFG-VS spectra of vapour/ethylene glycol (EG)
interfaces in different incident angle sets will also help demonstrate the effectiveness
of the bond polarizability derivative model for SFG-VS.

In practice, r can sometimes be used as a fitting parameter when there are enough
independently measured SFG-VS intensities in different polarizations. Shen et al.
demonstrated that the r value thus obtained was generally consistent with the r value
obtained from the Raman polarization ratio measurement [22].

In summary, the bond polarizability derivative model formulated by Hirose et al. is
generally effective and valid in quantitatively describing major aspects of SFG-VS
spectra in detail. The bond polarizability derivative ratio r and hyperpolarizability
ratio R obtained from the Raman depolarization ratio can be used in SFG-VS spectral
analysis. Even though these ratios cannot be simply transferred to different molecules, a
CH bond with similar structure properties can have similar r values. On these grounds,
the same r value can be used for interpretation of SFG-VS spectra of groups with
similar CH bonds in different molecules.

With better understanding of the problems associated with the local field factors and
bond polarization model in the above sections, better quantitative polarization and
orientational analyses can be achieved with SFG-VS studies. In the following sections
we shall discuss problems on the application of quantitative orientational analysis and
spectral analysis of SFG-VS for more complex molecular interfaces.

3.5. Approach to complex molecular interfaces with the accurately measured
orientational parameter D

Here we try to provide an approach to use the accurately measured D values for orien-
tational analysis of complex molecular interfaces.

With the ability to accurately measure the orientational parameter D ¼ hcos �i=
hcos3 �i in SFG-VS, the orientational order of the molecular interfaces can be further
illustrated. In section 3.1 we have discussed how to used the PNA method to measure
small changes in D for molecular interfaces. Now we shall discuss the basic properties
of D and its implications for understanding orientational order of complex molecular
interfaces.

Simpson and Rowlen’s elegant work discussed the properties of the orienta-
tional parameter D in SHG studies [56, 57]. By associating D with the first and third
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orientational order parameters of molecular films, they raised awareness of the
molecular orientational distribution for the SHG with the concept of the
‘magic angle’ in calculating molecular orientation angles with theD values (figure 6) [56].
To put it simply, a single value of D can be determined from a SHG or SFG
experiment, but it cannot be used to uniquely determine both the orientational angle
and its distribution width, even if the distribution function is known.

To address these problems, our laboratory recently developed the concept of a
general orientational parameter c and formulated the orientational functional R(�) in
SHG and SFG-VS to determine both the orientation and orientational distribution
width in the Langmuir monolayer with polarized SHG measurements [23]. This formu-
lation, briefly presented in section 2.2.2, was applied to formulate the PNA method
in SHG [23] and SFG-VS [24, 25], and was applied to develop the polarization selection
rules for SFG-VS vibrational spectral assignment [26].

As discussed by Simpson and Rowlen [56] in figure 6, if one assumes a �-distribution
function for the orientational angle �, then the value D ¼ 5=3 gives a ‘magic angle’
at 39.28. The apparent tilt angle � is the theta value directly calculated from
D ¼ 1= cos2 �, i.e. assuming a �-distribution function of �. However, this ‘magic angle’
corresponds to a broad range of ½�0, �� pairs as shown in figure 6. The existence
of such a ‘magic angle’ does not imply that the D value alone can never give narrow
distributions of the tilt angle �. From figure 6 one can easily find that when the
apparent � is close to 08 (upright orientation) or 908 (lying flat at the interface), the
distribution width � can only have a small upper limit value, indicating that only
a narrow distribution can be allowed for these D values.

Figure 6. The apparent molecular tilt angle (calculated by assuming a �-function distribution) as a distribu-
tion function of the root-mean-square width � of a Gaussian distribution function. Each curve corresponds to
a centre orientational angle �0. The straight line at 39.2 is the magic angle. Reproduced with permission from
J. Am. Chem. Soc. 1999, 121, 2635–2636. Copyright 1999 Am. Chem. Soc. [56].
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It is to be noted that in our formulation, in order to be in line with the definition of
the general orientational parameter c, the definition of D is the inversion of the D
defined by Simpson and Rowlen [23, 56]. This difference does not affect any of the
analysis.

With the basic understanding of the behaviour of D from Simpson and Rowlen’s
work, now we can discuss more interesting properties of the orientational parameter
D, and its implications in understanding the orientational order of complex molecular
interfaces.

From the definition of the orientational average denoted by h i, the ensemble average
hcos �i and hcos3 �i are equivalent to the summation of cos � and cos3 � for each
individual molecular group divided by the total number of molecular groups,
respectively. Therefore, we have

D ¼
hcos �i

hcos3 �i
¼
ð1=NsÞ

P
i cos �i

ð1=NsÞ
P

i cos
3 �i

: ð22Þ

The summation i is over each molecular group at the interface under study. Therefore,P
i ¼ Ns. If the same kind of molecular groups have two distinct orientations in the

interface layer, then we can let Ns ¼ N1 þN2; the mole fraction of one of the two
groups is x ¼ N1=Ns ð0 	 x 	 1Þ, and �1 and �2 as the tilt angles from the interface
normal of the two groups, respectively, in equation (22). We have

D ¼
xhcos �1i þ ð1� xÞhcos �2i

xhcos3 �1i þ ð1� xÞhcos3 �2i
: ð23Þ

As shown in figure 7, left, equation (23) can be used to investigate the situation when
the same molecular group at the interface can assume two distinct orientations. We
came upon this formulation when we could not explain D<1 values with the single
orientation picture, no matter what distribution width is assumed. For the CH3

groups at the vapour/acetone interface, PNA measurement gives D ¼ 0:83� 0:05
[80]. If a single distribution function for the tilting angle � is assumed, D<1 would
be impossible. If there are two distinct oriented CH3 groups, then a broad orientational
distribution of the interfacial acetone molecules is not possible. So we have to reach for
the picture of two distinct orientations with a relatively narrow distribution width for
the CH3 groups at the vapour/acetone interface.

Analysis of equation (23) indicates that since generally jhcos �ij > jhcos3 �ij, in order
to have D<1 from equation (23), hcos �1i=hcos

3 �1i has to be close to unity, and hcos �2i
has to have opposite sign for hcos �1i, so as to make jxhcos �1i þ ð1� xÞhcos �2ij smaller
than jxhcos3 �1i þ ð1� xÞhcos3 �2ij. Thus, for the two CH3 groups in acetone, one has to
point up close to the interface normal, while the other has to point into the bulk liquid
phase. With a narrow orientational distribution, if the value of � can be determined in
�2 ¼ �1 þ�, equation (23) gives a unique set of ½�1, �2� values. For the vapour/acetone
interface, MD simulation suggests the molecular plane is perpendicular to the interface
[70]. Therefore, one can have � ¼ 117:28 as the C–C–C bond angle, and the calculation
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from equation (23) gives �1 ¼ �14:48� 1:98 and �2 ¼ 102:88� 1:98, if the �-distribution
function is assumed (figure 7, right).

Then what about some D value slightly larger than unity?
For CH3 at the vapour/DMSO interface, we measured D ¼ 1:14� 0:04 [101]. From

figure 6, we know that the distribution width � of the tilt angle � cannot be more than
178 in order to satisfy this D value, if a single distribution is assumed. Because the angle
between the two CH3 groups in a DMSO molecule is 97.48, like the vapour/acetone
interface, the two CH3 groups in DMSO have to have two distinct orientations with
a certain distribution width � close to 178. These two orientations together have to
satisfy the value D ¼ 1:14� 0:04 through equation (23). Since one cannot make
simple assumptions about the � value for DMSO without additional information,
no values of �1 and �2 can be uniquely determined for the moment. But from
equation (23), in order to satisfy D ¼ 1:14� 0:04, �1 has to be closer to the interface
normal, while �2 is somewhere close to the interface, possibly but not necessarily to
point into the bulk liquid DMSO phase. On the other hand, the CH3 symmetric
stretching vibrational peak is unusually strong in the ssp spectrum [105, 128]; this
also indicates that the CH3 orientation distribution at the vapour/DMSO interface
has to be quite narrow.

The two uniquely oriented CH3 groups at the vapour/acetone and vapour/DMSO
interfaces cannot be differentiated from their SFG-VS spectra. Even though they
may be in different chemical environments and experience different interactions at the
interfaces due to their unique orientation, the splitting is not big enough to be observed
from their SFG-VS spectra. However, the accurately measured D values from the PNA
method with SFG-VS revealed their unique orientation conformations.
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Figure 7. Left: When �2 ¼ �1 þ� and both �1 and �2 have a �-distribution, D values in equation (23) can be
smaller than unity. This feature for D has not been discussed before. If there is only one unique orientational
distribution, D should always be larger than unity. In this plot, we put x¼ 0.5 and � ¼ 117:28, which is the
angle between the two methyl groups in the acetone molecule. Right: Angular distribution of acetone at the
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while the shadowed part represents the mathematically allowed range by simulation with a Gaussian
distribution function [78, 79].
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Similarly, the orientational order of the vapour/tert-butanol interface can be
analysed. SFG-VS measurement gives D ¼ 1:32� 0:06 [101], which also indicates a
well ordered interface, since a randomly ordered interface should give a much larger
D value. Since each tert-butanol molecule has three CH3 groups, equation (22) has
to be formulated for three distinct oriented CH3 groups. However, analysis suggests
that no matter how we place the molecule, two of the three CH3 groups have to
have close orientation angles. Therefore, to have x ¼ 1=3 or 2=3 in equation (23)
might be a good approximation to describe the orientational order of the vapour/
tert-butanol interface. This fact implies that for complex molecular interfaces,
treatment with more than two or three distinct orientation distributions may not be
necessary, even though the assumption for a single orientation distribution seems to
be too simple.

If the D values of two or more different groups in an interface layer can be measured,
more information on the interface orientational and conformational order can be
determined, because with D value of one group can already provide so much informa-
tion. Mapping the order parameters of different molecular groups in the molecular
layer may lead to discoveries of novel physics and chemistry at complex interfaces.

SFG-VS investigation on polymer interfaces has been a growing field because of their
importance in material sciences and implications to biological membrane studies [17].
With the general formulation of D in equations (22) and (23), information on the orien-
tational order of more complex molecular interfaces can be similarly extracted. Clearly,
the terms in equation (22) can be grouped into more than two distinct orientated
groups, but it seems that to have more than two or three distinct oriented groups is
indeed not necessary. Analysis of such complex interfaces certainly requires other
independently obtainable information or statistically theoretical treatment.
Nevertheless, accurately measured D values of different molecular groups at such an
interface are very important. For example, now we could measure D values for both
CH3 and –C¼O groups at PMMA and PMA polymer interfaces [101]. More effort is
certainly needed to explain these data. However, it is certain that the formulation
and analysis discussed here will help shed new light on our understanding of the
orientational order at complex molecular interfaces.

Finally, it is to be noted that the D value obtained from PNA and PIR methods
depends on the values of the local field factors in the interface layer. Knowledge of
these values for a particular interface has to be obtained as discussed in section 3.3.

4. SFG-VS: a unique vibrational spectroscopy

It is important to realize that SFG-VS is not simply a vibrational spectroscopy method
for interface studies, but also a vibrational spectroscopy technique with many advan-
tages for the study of molecular vibrational spectroscopy in the condensed phases.
SFG-VS can provide detailed information on molecular vibrational spectroscopy
in general.

Since the SFG-VS spectral intensity depends on many parameters, as we have
discussed in previous sections, interpretation of the congested SFG-VS spectra from
complex molecular interfaces has been difficult. Along with technical difficulties
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in handling complex laser systems in the research laboratory, interface studies with
SFG-VS have been mainly conducted on relatively simple molecular interfaces of
fundamental and technological importance until most recently [15, 19]. These parameters
determining the SFG-VS spectral intensity include polarization configuration, geometry
of optical arrangement, the local field factors in the interface layer, symmetry properties
of the molecular groups under investigation, and the hyperpolarizability tensor
ratios. The discussions above show that these parameters can be fairly well understood,
and quantitative analysis of SFG-VS can be well established for the simple interfaces.
On these bases, more complex SFG-VS spectra can be better understood.

The first step to understanding SFG-VS spectra is to have an accurate assignment of
the spectral peaks. The common practice for spectral assignment in SFG-VS studies has
been to compare the spectrum with the IR and Raman results in the bulk media [13, 48,
129–132], and sometimes assisted with ab initio calculations of the IR or Raman band
positions of free molecules in the gas phase [13, 39]. This is the natural approach
because the selection rules of SFG dictate that any sum frequency active molecular
vibrational mode has to be both IR and Raman active as dictated by equation (12)
[33]. The above practice has been able to address major SFG-VS spectral features
and has been reasonably successful in SFG-VS studies. Thus, the general consensus
has been that ‘. . . there is no simple relationship between observed peak positions
and intensities (in the SFG spectrum) and the properties of the underline modes, and
the parameters can be extracted by curve fitting’ [13]. This situation has lasted and
has left the assignment of complex SFG-VS spectra subject to the difficulties
and errors of the common IR and Raman studies.

If one looks into this matter closely, however, it is not hard to find the logical flaw in
the spectral fitting approach in SFG-VS, because almost all SFG-VS spectra in the CH
stretching vibration region, i.e. around 2800–3000 cm�1, show narrower peaks and have
more separated features than these of the same molecule measured with IR and Raman
spectroscopy in the condensed phase [7, 26, 43]. This is due to the relatively much
more ordered interfacial structure and the less dynamic nature of the interactions of
the molecules at the interface than that in the condensed phase under the same ambient
conditions [7, 30, 133, 134]. Consequently, some of these features could not be
accounted for by the existing IR and Raman assignments [7, 26, 43]. For example,
even though we generally know that the 2800–3000 cm�1 region belongs to the CH
stretching vibrational modes in IR and Raman spectroscopy, the features in SFG-VS
spectra of vapour/1-heptanol and vapour/1-octanol interfaces in figure 12 cannot
be clearly assigned with knowledge only from IR and Raman assignments [43]. The
difficulty in the practice of SFG-VS with knowledge only from IR and Raman
spectroscopy calls for methods which can provide effective and ‘in situ’ assignment
on SFG-VS spectrum.

In IR and Raman spectroscopy, knowledge of the symmetry property, i.e. polariza-
tion property, of each vibrational peak is crucial for determination of its symmetry
category, leading to explicit assignment of the spectra [135]. The ability to perform
polarization measurements on oriented molecular samples is the key to success in
spectral assignment [59]. However, it is generally difficult to prepare a well ordered
molecular sample for such spectroscopic measurement. In previous IR or Raman
studies, because of the inhomogeneous broadening effect in liquid or solid samples,
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many vibrational spectral details can only emerge well below liquid hydrogen tempera-
ture with crystalline samples where the spectral line broadening is greatly suppressed
[136–139]. Another disadvantage for an ordered crystalline sample is that it may add
optical rotation to the polarization of the optical beam, making it difficult for accurate
polarization measurement of the weak spectra. Therefore, the symmetry properties
of many weaker peaks and overlapping peaks have not been well characterized in
IR and Raman spectroscopy.

Since SFG-VS is by nature a polarization spectroscopic technique, and the molecules
at the liquid interface are naturally ordered due to the anisotropic forces across the inter-
facial region, the polarization dependence in SFG-VS spectra may also be used to deter-
mine the symmetry property of each SFG-VS spectral peak. Additionally, since the
interface layer is just molecularly thin, the refractive SFG-VS signal is not subject to
optical rotation once we leave the interface. SFG-VS also has a stronger polarization
dependence than IR and Raman spectroscopy, because as a second-order non-linear
process, SFG-VS, whose j�ð2Þeff j

2 is a function of higher orders of cos � function than
the linear absorption and Raman processes, has to be more sensitive to molecular orien-
tation [23, 53, 59]. Because of these unique properties of SFG-VS, assignment from IR
and Raman spectroscopy may not be enough to assign SFG-VS spectra. In order to
avoid such limitations, it is better to have a set of selection rules for SFG-VS spectral
assignment, and they can be used along with knowledge from IR and Raman studies.

The review of the practices in SFG-VS above indicated that polarization dependence
has not been generally considered in assigning SFG-VS spectra. There has been work
using SFG-VS intensities [22, 40] and orientation analysis [107] for deducing the orien-
tational angle or the hyperpolarizability ratio of certain functional groups. But it is rare
to use the spectral intensity relationship between different polarization configurations
to help spectral assignments [86]. Only very recently, polarization selection rules in
SFG-VS have been systematically attempted to help SFG-VS spectral assignment on
CH3, CH2 and CH groups in the 2800–3000 cm�1 region [26, 43]. These studies demon-
strate the importance and usefulness of SFG-VS polarization selection rules. Not only
can many ambiguous assignments in SFG-VS spectra be addressed, but also some new
spectral features and some incorrectly or ambiguously assigned peaks in the IR and
Raman regime can be clarified. One such example is that of the 2940 cm�1 peak for
the ethylene glycol (EG) molecule, which has long been considered an asymmetric
C–H stretching mode in the literature [5, 26, 35, 140, 141]; it has been unambiguously
identified as the Fermi resonance peak of the EG methylene symmetric stretching mode
through SFG-VS polarization selection rules, and in addition, through measurement
and analysis with four different sets of incident angles, as shown in figure 9 and the
discussions in section 4.2.

It has been shown that SFG-VS polarization selection rules can help assignments on
complex SFG-VS spectra [43]. This is one important step for its application to complex
interfaces such as polymeric and bio-membrane surfaces. Using these selection rules,
IR and Raman assignments can also be validated or corrected. These aspects make
SFG-VS a unique vibrational spectroscopy not only for interface studies, but also for
general vibrational spectral assignment purposes.

In this section, the polarization selection rules for SFG-VS are presented based
on the formulation in section 2.2.3. Using these selection rules, SFG-VS spectra
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of a series of vapour/liquid interfaces in the 2800–3000 cm�1 region are assigned, and
some general considerations on related problems in IR and Raman assignments are
also discussed.

4.1. SFG-VS: molecular symmetry and polarization selection rules

Polarization selection rules or guidelines in SFG-VS spectral analysis can be derived for
molecular groups with different symmetry properties. This is based on the simple idea
that vibrational peaks belonging to different symmetry types do not have the same
polarization dependence in SFG-VS spectra. These rules help greatly to determine
the symmetry types of vibrational modes with SFG-VS spectra in different polariza-
tions. These rules allow the assignment of SFG-VS spectra in situ, i.e. with their own
selection rules directly applied to SFG data, instead of ex situ, i.e. depending only on
transferable knowledge from the IR and Raman assignments.

Even though the SFG-VS spectral intensity depends on many parameters, there are
some generally held polarization dependence relationships, and they can be abstracted
as rules or guidelines for SFG-VS spectral assignment. Since the function d 2Rð�Þ in
equation (14) is responsible for the molecular contribution to the SFG-VS intensity,
the d and c values for each vibrational modes of CH3, CH2 and CH groups in different
polarization configurations can be evaluated, and the function d 2Rð�Þ can be
evaluated against different orientational angles �. Table 3 lists all the corresponding
d and c values calculated using the parameters in table 2. In order to see the polarization
selection rules for these three groups, each d 2Rð�Þ function is plotted against � with a
�-distribution function in figure 8.

From table 3 and figure 8, some general relationship can be abstracted, and the
following polarization selection rules (guidelines) can be reached.

For CH3 groups, the polarization selection rules are:

(a) For the ss mode, the ssp intensity is always many times that for ppp, as well as
for sps and pss.

(b) For the as mode, the ppp intensity is always many times that for ssp, and both
of them would be largest when � ¼ 54:78.

(c) For small �, the sps and pss intensity is the largest for the as mode, and the
smallest for the ss mode.

(d) In ssp spectra, the as mode would negatively interfere with the ss mode when
their frequencies overlap.

Table 2. Refractive indices used in calculating d and c values plotted in figure 8. The refractive indices
used for CH3 and CH are intended for the n-normal alcohols; while the refractive indices used for CH2

are intended for the diols. n0ð!Þ is calculated with the Lorentz model given by Shen et al. [22].

CH3 or CH CH2

Group ! !1 !2 ! !1 !2

n1(!i) 1.0 1.0 1.0 1.0 1.0 1.0
n2(!i) 1.36 1.36 1.36 1.44 1.44 1.44
n0ð!iÞ 1.16 1.16 1.16 1.18 1.18 1.18
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For the CH2 group, the polarization selection rules are:

(e) No ss peak appears in sps and pss spectra.
(f) The ssp-ss intensity is always many times that of ppp-ss.
(g) Peaks in the sps and pss spectra generally come from the as mode with a

relatively small tilt angle �.
(h) For the as mode, the ppp intensity is always several times that of ssp. That is

to say, if there is any peak which is stronger in the ssp than ppp spectra,
it cannot be from the as mode.

(i) In the ssp spectra, the ss and as modes of the CH2 groups with similar
orientation negatively interfere with each other.
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Figure 8. Polarization and symmetry dependence of symmetric and asymmetric stretching vibrational
modes of CH3, CH2 and CH groups [26, 43]. R¼ 3.4 was used for CH3 group, r¼ 0.27 for CH group. For
CH2, all r give the same plot in figure 8. All calculations are with �1 ¼ 60� and �2 ¼ 55� in the co-propagating
geometry. Each curve is plotted against the orientational angle � of the symmetry axis of the group. The units
of SFG intensities are in ð�cccÞ

2 or ð�acaÞ
2 of each individual group. Their relative intensity can be compared

with the bond polarizability derivative calculations in Appendix B, and they are consistent with the
experimental intensities [26, 43].
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For CH group, the polarization selection rules are:

(j) The ppp intensity is strongest when � is at smaller angles.
(k) The ssp intensity is strongest when � is at large angles.
(l) The sps (pss) intensities are comparable to the ssp intensity when the R value

is small.

These rules are simple, but useful when try to assign SFG-VS spectra. Even though
these rules are drawn with the assumption of a �-distribution function for �, they
generally hold for cases with a broad orientational distribution. The average over a
distribution width is equivalent to taking a portion of each curve in figure 8 and
making a normalized integration; it is easy to show that the general relationship
between the curves does not change significantly. Therefore, similar polarization depen-
dent relationships remain. The same goes for the change of incident angle geometry in
the calculation. Because the ratio of the Fresnel factors in different directions does not
change that much when incident angles are changed, the basic relationship between the
curves does not change significantly, either. These facts underline the robustness of the
polarization selection relationships, which can be generally used as rules or guidelines
for assignment of SFG-VS spectra.

The rules are similar for the CH3 and CH2 groups except for some minor differences
[26, 43]. The calculation for the CH3 group used parameters for ethanol and longer
chain n-alcohols. It is important to note that for methanol, those parameter are
different, i.e. R¼ 1.7 with r¼ 0.27, n2ð!iÞ ¼ 1:33 and n0ð!iÞ ¼ 1:15. Calculation shows
that as long as R>1, the differences of these parameters lead to different d and c
values, but they do not alter the polarization selection rules listed above
for CH3 groups. The validity of the polarization selection rules with different experi-
mental configurations, different parameters, and non-� orientational distribution func-
tions have been discussed in detail [26]. The conclusion with a similar treatment is that
the polarization selection rules do hold for the CH3, CH2 and CH groups in varying
experimental configurations and the parameters within broad physically allowed
ranges. This further supports the qualitative assessments in the previous paragraph.

Table 3. d and c values for stretching vibrational modes for CH3, CH2 and CH groups. The units for
d values are �ccc or �aca of each group for the symmetric stretching (ss) or asymmetric stretching (as) modes,

respectively. The CH group does not have an as vibrational mode.

Modes ss as

Group ssp ppp sps pss ssp ppp sps pss

CH3 d 0.56 0.37 �0.33 �0.32 �0.13 0.31 �0.14* �0.14*
c �0.55 2.0 1 1 1 1.0 1 1

CH2 d 0.22 0.033 0.0 0.0 �0.11 0.28 �0.12* �0.12*
c 0 0 1 1 1 1.0 1 1

CH d 0.16 �0.050 0.10 0.10
c 0.58 4.7 1 1

The values listed with * are d*c values for c¼1, in order to keep the general form for R(�) in equation (15). c¼1 means
there is only hcos3 �i terms. All d and c values are calculated with the corresponding refractive index values listed in table 2
with �1¼ 608 and �2¼ 558 in co-propagating geometry. From [26, 43].
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Dielectric constants and local field factors of metal or electrochemical interfaces are
very different from those for dielectric interfaces discussed in this report. Polarization
dependence of SFG and SHG for adsorbates at metal or electrochemical interfaces
is usually dominated with ppp signals [142–144], even though sometimes the ssp signal
can be comparable and significant [85]. The SFG spectrum is also complicated by the
interference between the substrate and molecular contributions. Certainly the polariza-
tion selection rules derived for dielectric interfaces are not generally applicable to these
interfaces without specific adjustments and modifications.

Even though the basic selections rules are similar for CH3 and CH2, it has not hard to
distinguish these group frequencies in IR and Raman spectra [145–147]. Therefore, to
distinguish CH3 and CH2 group peaks is generally not so difficult. However, there
are many Fermi resonances in the CH stretching vibration region, especially for the
CH2 groups [136]. The position and intensity of the Fermi resonance modes and the
asymmetric stretching modes are usually complex, and they usually overlap with each
other and cannot be simply distinguished [136]. The polarization selection rules are
most useful for identifying these CH3 and CH2 modes, since the symmetric Fermi modes
follow completely different polarization selection rules from the asymmetric modes.

It is to be noted that rules (e)–(i) for CH2 group have more twist. Unlike CH3 and CH
groups which have a freedom of rotation around their symmetrical axis, the CH2 group
cannot rotate around its C2 symmetrical axis if the bone structure of the molecule
assumes a particular orientation. Therefore, the rotational average over the  angle
with the Euler transformation in equation (10) cannot be treated as  rotationally
isotropic. This certainly modifies some of the selection rules for the CH2 group. For
example, the ss mode might appear in the sps and pss spectra with small intensities.
Therefore, even though the effect is very weak, and the sps and pss spectra are usually
very small, rule (a) and rule (c) are certainly weakened. Nevertheless, the selection rules
frequently used in the determination of the ss mode and as mode in ssp and ppp
polarization, i.e. rules (b) and (d), remain unaffected. We shall return to this point
in section 4.2 with SFG-VS spectra for the vapour/ethelene glycol interfaces, and
show how quantitative information can be abstracted.

4.2. Assignment of SFG-VS spectrum for vapour/liquid interfaces

Here detailed examples applying the polarization selection rules on SFG-VS spectra
of a series of vapour/neat liquid interfaces are presented.

It is well known that in IR and Raman studies that the CH stretching spectra in
the 2800–3000 cm�1 region are notoriously complex due to the congestion of the
symmetric, asymmetric and Fermi resonance modes, which are quite sensitive to the
specific couplings of conformational and environmental influences [136–138, 148,
149]. Snyder and Strauss et al. have carefully studied these modes in alkanes and
polymethanes, and their results have been generally used in SFG-VS spectral assign-
ments [136–138, 148, 149]. These practice have been generally successful, but difficulties
come for many features which do not generally exhibit clear features (buried in broad
peaks) in IR and Raman spectra as the reasons discussed above. We listed more than
40 such examples in SFG-VS assignment in the supporting information in a recent
publication [26]. Among them, there are many ambiguities and probably mistakes
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on assigning the related SFG-VS spectral peaks, especially for the Fermi resonance and
as modes for the CH2 groups. The CH2 modes have been most troublesome in terms
of spectral assignment, and we have to deal with them with CH2-only model molecules
such as diols.

The polarization selection rules for CH2 help greatly in understanding the SFG-VS
spectrum of the CH2 group vibrational modes. Figures 9 and 10 show SFG-VS for a
few CH2-only interfaces. SFG-VS spectra of ethylene glycol (EG) at vapour/liquid
and liquid/solid interfaces were reported before [5, 35, 140, 141]. In these studies, the
2940 cm�1 peak in the ssp spectra was assigned to the CH2-as mode as usual.
However, assignments of SFG-VS spectra of vapour/EG and two other vapour/diol
interfaces according to the polarization selection rules are in figures 9 and 10.
According to rule (f), this 2940 cm�1 peak on the ssp spectrum must belong to a
ss mode as identified as the CH2-Fermi-ss mode; while the CH2-as mode is about
2900 cm�1, which appears clearly on the ppp spectrum, and it is in opposite phase to
the CH2-ss peaks at 2870 cm

�1 and 2940 cm�1 on the ssp spectrum, as predicted exactly
by rule (i) [26].

Here we can see the usefulness of the formulation of R(�) with the d and c parameters
in section 2.2 [23, 53]. Table 3 lists the d ¼ �0:11, c¼ 1.0 for the CH2-as mode,
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Figure 9. SFG-VS spectra of the vapour/ethylene glycol interface at four incident angle sets in
co-propagating geometry [26, 81].
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and d¼ 0.22, c¼ 0 for the CH2-ss mode in ssp polarization. Therefore, these two modes
should have their drð�Þ field factors in opposite phase throughout all � values. In themean
time, in the ppp polarization, we have d¼ 0.28, c¼ 1.0 for the CH2-as mode, and
d¼ 0.033, c¼ 0 for the CH2-ss mode. Therefore, these two modes have the same phase
for their drð�Þ field factors. In fitting SFG-VS ssp spectra of the vapour/EG interface, a
small peak at about 2900 cm�1 in opposite phase with the 2870 cm�1 and 2940 cm�1

peaks has to be included. Therefore, the detailed interference in the
SFG-VS spectrum is correctly predicted by the calculated d and c values. It is important
to realize that both d and r(�), i.e. c, contribute to the sign of the phase. If c>1,
r(�) changes sign when � crosses the value � ¼ arccos c�1=2

� �
. This is a very useful concept

when the interference effects in complex spectra, especially in the ppp polarization, need
to be analysed. Given the importance of the interference effect in SFG-VS
spectrum analysis [150, 151], the detailed analysis with this formulation will find more
applications in SFG-VS studies. Such spectral detail can be very difficult to discern
without such tools. For example, from table 3, the negative interference between the
CH3-asmode around 2960 cm�1 and the tail of the CH2 or CH3-Fermi-ss in that vicinity
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Figure 10. SFG-VS spectra of vapour/1,3-propanediol and vapour/1,5-pentanediol interfaces, with
�1 ¼ 60� and �2 ¼ 55� in co-propagating geometry [26].
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on the ssp spectrum is predicted and observed in SFG-VS spectra of the vapour/ethanol
interface as in figure 5.

To further validate the assignments for the spectrum of the vapour/EG interface,
SFG-VS spectra in four sets of incident angles in the co-propagating geometry were
obtained in figure 9. The quantitative aspects of these spectra can be fairly well
addressed with the bond polarizability derivative mode with a r ’ 0:3 and a twist
angle  around 508 [101]. This relatively large r value is consistent with the fact that
the CH2 groups are directly connected to the OH group, which increases the perpendic-
ular polarizability derivatives of the single CH bond. The same effect was observed
in the CH3 group in the methanol molecule, which has r¼ 0.27. It seems that generally
when CH2 or CH3 are connected to the OH group, their single bond r value should
increase quite significantly.

In figure 9, in the ppp spectrum with �1 ¼ 628 and �2 ¼ 538, three peaks are clearly
present; on the ppp spectrum with �1 ¼ 378 and �2 ¼ 518, only the CH2-ss peak
at 2870 cm�1 is present; while on the ppp spectra with �1 ¼ 458 and �2 ¼ 558, a small
2870 cm�1 overlaps with a small 2900 cm�1 peak. Simulation with the incident angle
dependence quantitatively predicts the polarization dependence of all the peaks in
figure 9. This is clear confirmation that there is essentially negligible contribution to
the 2940 cm�1 peak on the ssp spectrum from the CH2-as mode [101, 141].

In the four sets of SFG-VS spectra in figure 9, the polarization selection rules for
CH2 are all valid. This fact clearly indicates the robustness of these selection rules
for different experimental configurations. As we mentioned above, one thing that
does not fit the selection rule is that small intensities on sps and pss persist in all the
spectral sets (only shown with �1 ¼ 608 and �2 ¼ 558 set). Usually such a small
signal can be treated as noise. However, careful examination indicates that this is
evidence that the twist angle  is not randomly distributed as discussed below.

From Appendix B, we can see that the relationship �aac þ �bbc � 2�ccc ¼ 0 holds
generally for all r values in the CH2 group. This will make all the terms in
equation (32) with �aac þ �bbc � 2�ccc disappear. Therefore, no sps-ss and pss-ss are
allowed as stated by the selection rule (e). However, with the twist angle  ,
equation (30) has to be used for CH2-ss modes. The �aac þ �bbc � 2�ccc ¼ 0 in
equation (32) now becomes 2hcos2  i�aac þ 2hsin2  i�bbc � 2�ccc 6¼ 0, as long as
hcos2  i 6¼ hsin2  i 6¼ 1=2. However, because �aac þ �bbc � 2�ccc ¼ 0 is still true, the
value of 2hcos2  i�aacþ 2hsin2  i�bbc � 2�ccc has to remain small. Thus, the sps-ss
and pss-ss intensity at 2870 cm�1 and 2940 cm�1 can only be very small compared to
the ssp-ss and ppp-ss intensities. Therefore, the polarization selection rules regarding
the ssp and ppp intensities are generally valid even if the twist angle  cannot be
averaged out as with random rotation.

Quantitative analysis of the spectra in figures 9 and 10 can further reveal the
effectiveness of the bond polarizability derivative model. One striking fact is the very
strong peak around 2900 cm�1 in the ppp SFG-VS spectra for the vapour/1,5-pentane-
diol interface in figure 10. This peak clearly belong to the CH2-as mode [26]. In each
1,5-pentanediol molecule, there are three kinds of CH2 groups, two directly connected
to the end OH groups at the 	 position, two on the � position, one in the centre at the
� position. Therefore, their r value should decrease as the CH2 is further from the OH
group. From the bond polarizability derivative model for CH2 in equation (40), one has
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�CH2
aca =�

CH2
ccc ¼ 2:1ð1� rÞ=ð1þ 2rÞ. Therefore, the bigger the r, the smaller the ratio, and

vice versa. For r¼ 0, the ratio is 2; for r¼ 0.3, the ratio is 7=8. Since their ratios differ by
2.3 times, their SFG-VS intensities can differ by 5.3 times. Therefore, this strong peak

can be quantitatively explained by bond polarizability differences between different

CH2 groups.
Using polarization selection rules, new peaks can be identified on the SFG-VS

spectra. Figure 10 clearly shows that the 2920 cm�1 and 2955 cm�1 belong to the

CH2-Fermi-ss peaks, which was not identified previously [26]. These peaks clearly do

not belong to the CH2-as modes because they do not have strong peak in the ppp

spectrum at the same wavelength. The 2920 cm�1 peak on the ssp spectra has often

been assigned to the CH2-as in IR and Raman, as well as SFG-VS studies [26].

Polarization selection rules for the CH2 group clearly indicate that it is a

CH2-Fermi-ss in the ssp spectrum; while in the ppp spectrum there is a CH2-as peak

a few cm�1 to its left [26]. In IR and Raman spectra, these two modes generally overlap

with each other, since the peaks are generally broader and the polarization dependence

not as strong as in SFG-VS. It has been shown in [26] that reevaluation of SFG-VS

spectral assignments for CH2 stretching modes is warranted. Plenty of examples have

shown what surprises in vibrational spectral assignment these polarization selection

rules can bring us [26].
With the success of the polarization selection rules for the CH2 vibrational stretching

modes, one can move to SFG-VS spectra congested with more CH3 and CH2 modes.

The SFG-VS spectra in ssp of the vapour/n-normal alcohol interfaces (n ¼ 1 � 8)

were reported by Stanners et al. [74]. Spectral assignment for the major features and

orientational order of these interfaces were discussed. However, with polarization

orientational analysis and the polarization selection rules, SFG-VS spectra of these

interfaces in different polarizations indicate that much more detailed information can

be learned from these interfaces. Figure 11 shows SFG-VS spectra of vapour/

n-normal alcohol interfaces (n ¼ 1 � 8) in ssp, ppp, and sps polarizations. All the spectral

features can be identified with the selection rules. The detailed spectral assignment

of the vapour/1-heptanol and vapour/1-octanol interfaces using the selection rules are

presented here in figure 12 [43]. The assigned peak positions for all eight vapour/alcohol

interfaces are listed in table 4 [43]. Detail discussions of these assignments can be found

elsewhere [26, 43].
One thing that needs to be specially mentioned is the assignment of the spectrum for

the vapour/ethanol interface in figure 5 and table 4 [43]. Its ssp SFG-VS spectrum was

reported by Stanners et al. [74], and the assignments based on previous assignments

from IR and Raman measurement on deuterated ethanol liquids [152, 153] are the

following: the 2868, 2926 and 2970 cm�1 peaks were assigned to the CH2-ss, CH3-ss

and CH3-as mode, respectively [74, 154]. One big difference between ours and their

assignments is whether the 2868 cm�1 peak belongs to CH2-ss or CH3-ss. Using the

PIR measurement of the 2926 cm�1 peak, Stanners et al. concluded that the CH3

group of the ethanol molecule at the interface has an orientation angle �0 < 308.
However, since the intensities of this 2926 cm�1 peak on sps and ppp spectra

are week, PIR cannot give an accurate determination of the orientational angle,

as we discussed in section 4.
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Since the CH3 spectra for the vapour/ethanol interface exhibit the following simple
relationships (figure 5): Ippp, CH3�as > Isps, CH3�as > Issp, CH3�as, simple orientational
analysis using figure 8 would give a tilt angle around 40� 58 for the CH3 group.
Using the PNA method for the same peak, we obtained � ’ 408. Since the angle
between the bisectional axis of the CH2 group and the C3 axis is about 1258, this
CH3 angle indicates that the CH2 group lies nearly flat (� ’ 858) at the interface.
Therefore, if 2868 cm�1 is assigned to the CH2-ss mode, it cannot have such a strong
intensity in the ssp spectrum with such an orientation. Therefore, with our assignment
in table 4, 2868 and 2926 cm�1 are CH3-ss and CH3-Fermi-ss, respectively, and PNA
measurement of these two peaks both give �0 ’ 408. We went further to conduct
SFG-VS measurement on both vapour/CH3CD2OH and vapour/CD3CH2OH inter-
faces (figure 13). The three peaks at 2868, 2926 and 2970 cm�1 disappeared for the
vapour/CD3CH2OH interface, and remained almost the same for the vapour/
CH3CD2OH interface. This completely confirms our assignment and the measurement
on the CH3 and CH2 orientations. (Recently Professor Y.R. Shen indicated to H.F.W.
that his group also realized inconsistencies for the ethanol spectral assignment in a
previous paper [74]. He told H.F.W. that his group had measured the SFG-VS spectra
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Figure 11. SFG-VS spectra of vapour/n-normal alcohols (n ¼ 1 � 8) interfaces, with �1 ¼ 60� and �2 ¼ 55�

in co-propagating geometry. The baselines of the spectra were offset for viewing [43].
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of the vapor/1-alcohol interfaces in different polarizations since 2002. But his group
had not done deuterated ethanol experiments, and full analysis of these data has yet
to be finished.) This result indicates how polarization analysis along with the polariza-
tion selection rules can help make correct assignment on the vibrational spectrum.
In section 4.3, we shall discuss the ethanol vibrational spectrum further.
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Figure 12. SFG-VS spectra and assignments of CH vibrational modes of vapour/1-heptanol and
vapour/1-octanol interfaces, with �1 ¼ 60� and �2 ¼ 55� in co-propagating geometry [43].

Table 4. Assignment of SFG-VS spectra of vapour/1-alcohol (n ¼ 1 � 8) interfaces. From [43].

Assignment CH2-ss CH3-ss CH2-as CH2-FR CH2-FR CH3-FR CH3-as
(notation[137, 138]) (dþ) (rþ) (d�) (dþ)-FR (dþ)-FR (rþ)-FR (r�)
polarization ssp ssp ppp & sps ssp ssp ssp ppp & sps

Methanol – 2828 – – – 2910, 2940 –
Ethanol – 2868 – – – 2926 2970
1-Propanol 2850 2874 2908 (br) – – 2938 2960
1-Butanol 2850 2872 2898 (br) 2904 – 2938 2960
1-Pentanol 2850 2870 2890 (br) – 2918 2934 2960
1-Hexanol 2848 2868 2884 (br) 2904 2918, 2954 2932 2960
1-Heptanol 2848 2870 2884 (br) 2906 2918 2932 2960
1-Octanol 2846 2868 2884 (br) 2904 2918, 2954 2930 2960

br¼ broad peak.
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The selection rules for the single CH stretching vibration can be useful in assignment
of SFG-VS spectra of protein interfaces, because all natural amino acid molecules,
except for glycine, have a CH group. The CH group stretching mode is generally
hard to identify in IR and Raman spectroscopy [155, 156]. Extremely low temperature
[137] and gaseous [148] Raman experiments with hydrocarbons containing –CHD– and
–CHD2 groups have shown that the methine stretching is around 2900 cm�1. To our
knowledge, there is only one recent SFG-VS study on L-leucine at the air/water inter-
face that presented a slight feature at 2902 cm�1 on the ssp spectra for the methine
group [15, 157]. Using the polarization selection rules, a feature on the ssp and ppp
SFG-VS spectra of the vapour/2-propanol at 2914 cm�1 has been identified as the
CH stretching vibration in the 2-propanol molecule [43]. We expect that with the
polarization selection rules and the ability to observe narrower peaks at the molecular
interfaces in SFG-VS, more observations of the CH stretching vibration will be
reported on protein and bio-membrane interfaces.

It is worth noting that to apply the polarization selection rules, SFG-VS spectra in
more than one or two polarization combinations need to be measured for comparison.
In the SFG-VS literature, systematic comparison of SFG-VS spectra in different polar-
ization configurations has not been the norm for spectral assignment. The importance
of obtaining SFG-VS spectra with different incident angle sets has not been discussed
and done. The analysis and examples with vapour/liquid interfaces illustrated here
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Figure 13. SFG-VS spectra of vapour/ethanol interfaces, with �1 ¼ 628 and �2 ¼ 528 in co-propagating
geometry. Solid lines are fitting curves. The baselines of ssp and ppp spectra are offset for viewing purpose.
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demonstrate that it is crucial to have SFG-VS measurement in different polarization
configurations for spectral assignment purpose. In some cases, spectra from different
incident angle sets also need to be compared. However, assignment of SFG-VS
spectrum of complex molecular interface may still be difficult. It is hoped that more
knowledge can be gained through the polarization selection rules and detailed
polarization analysis and simulation.

We have shown in this section that with polarization selection rules, SFG-VS spectra
obtained in different polarizations can be used to identify new spectral features, which
are not identified in IR and Raman studies. However, great caution has to be taken for
the new spectral features in SFG-VS spectra. Because SFG-VS is a sensitive interface
probe, spectral features can easily be detected from surface enrichment of the very
diluted surface active impurities or contaminates in the solution. Therefore, impurity
and contamination may cause SFG-VS big problems. Bulk probes, such as IR and
Raman spectroscopy, would not have this problem for small amounts of impurities.
However, since the polarization selection rules provide a tool for in situ SFG-VS
spectral assignment and analysis, together with knowledge from IR and Raman studies,
these selection rules can provide direct symmetry properties analysis of the observed
spectral features, and help identify whether these new spectral features are from the
impurity or are from the interfacial molecules under investigation.

Recently, a polarization mapping procedure based on the polarization analysis
method was proposed to mathematically reconstruct the small hidden features from
SFG-VS spectra in different polarizations [69]. Demonstration of differentiation of
small hidden non-electronically resonant chiral contributions to SFG-VS spectra in
different polarizations of adsorbed fibrinogen molecules was also reported [158]. These
applications of polarization analysis to such high accuracy would certainly be exciting
if confirmed by further examinations. Of course, the key to accurate polarization
analysis nevertheless relies on the ability for effective polarization control in SFG-VS
experiment [24, 25, 77, 80, 87].

4.3. SFG-VS and its implications on IR and Raman vibrational spectroscopy

There are some general issues raised from SFG-VS spectral assignment on vibrational
spectroscopy in the condensed phase.

Vibrational spectral assignment is the first step for identification of molecular struc-
tural and conformational properties, and also the starting point for dynamics studies on
vibrational energy transfer (VET) as well as redistribution, and solute–solvent coupling
[159]. From discussions in section 4.2, we have seen examples of the ambiguity and
confusion in IR and Raman assignments. As vibrational spectroscopy developed
purely for interface studies, SFG-VS has shown its ability and possibility to discern
complex vibrational spectrum through the polarization selection rules based on molec-
ular symmetry properties, and through more careful polarization spectral analysis.
The vibrational spectral assignment of the ethylene glycol, ethanol molecules are
such examples.

These developments may bring important consequences and broad implications in
vibrational spectroscopy and dynamics. For example, based on the assignment of the
2968 cm�1 peak for the CH2-ssmode in ethanol [152, 153], the vibrational energy transfer
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dynamics of liquid ethanol was studied with the ultrafast IR-Raman pump-probe experi-
ment [160]. The vibrational energy on the OH bond excited with 3500 cm�1 was observed
flowing sequentially first to the 2868 cm�1 CH2 band in less than 1 ps, and then to the
2930 cm�1 band CH3 band in another 0.4 ps [160]. Because this assignment of spectrum
is incorrect, this sequential VET process cannot be established with the reported ultrafast
dynamics measurements [160]. The conclusion for sequential through-bond VET was
certainly a victim of previously unclear assignments from IR and Raman studies [152,
153]. In the same work, data on 1-propanol and 1-butanol also went to the same
through-bond VET dynamics [160]. Because the ultrafast probe pulse used in this
work has a 25 cm�1 bandwidth [160], the CH2-ss band at 2850 cm�1 and the CH3-ss
band at 2870 cm�1 as listed in table 4 cannot be resolved. Therefore, this is also not
valid. In conclusion, the surprising sequential through-bond dynamics in this report
cannot be supported from spectroscopic evidences.

On these grounds, the IR and Raman measurements on deuterated ethanol liquids
[152, 153] reported previously need to be closely checked. Because of the inhomogeneous
broadening in the liquid phase, the IR and Raman spectra are broad, and they cannot
resolve the overlapping CH2-ss and CH3-ss peaks around 2870 cm�1. Photoacoustic
stimulated Raman (PASR) measurement of CH3CH2OH, CH3CD2OH, and
CD3CH2OH with a resolution of 1 cm�1 indicate that both CH2-ss and CH3-ss peaks
with much narrower resolution (less than 10 cm�1 FWHM) than that in bulk Raman
measurement are present at 2870 cm�1 [161]. SFG spectra (figure 13) obtained for
the vapour/deuterated ethanol interfaces indicate that the 2870 cm�1 peak is clearly
dominated by the CH3 group. Due to the nearly lying flat orientation of the CH2

group at the vapour/ethanol interface, the CH2-ss spectra at 2870 cm�1 almost
disappeared on SFG-VS spectra of the vapour/CD3CH2OH interface.

This example on the CH stretching vibrational spectral assignment for ethanol
indicates how the knowledge learned from SFG-VS can be used to address
general vibrational spectroscopy problems in the condensed phase. It also indicates
the limitations of our knowledge on vibrational spectrum of simple molecules.

Another example is with the methanol molecule. The vapour/methanol interface was
the first liquid interface studies with SFG-VS [65], and it has been extensively studied
in the literature [24, 25, 43, 65, 72, 75]. It has been accepted that the 2828, 2910
and 2940 cm�1 belong to CH3 symmetric stretching and Fermi resonance modes.
Since these SFG-VS spectral positions for vapour/methanol interface are at the same
positions as the IR and Raman spectra of liquid methanol, the assignment for the
liquid methanol IR and Raman spectra should be attributed to the same modes as at
the vapour/methanol interface. However, in many literature and standard databases,
the 2940 cm�1 peak was assigned to the asymmetric stretching mode of CH3 [162].
Recently, this incorrect assignment has led to self-contradictory interpretations for
ultrafast dynamics studies on liquid methanol [159, 163].

SFG-VS not only can shed new light on spectral assignment in IR and Raman
spectroscopy and dynamics studies, but it can also help quantitatively address the mole-
cular detail of the different chemical bonds in the molecule. As we have demonstrated
in sections 3.4 and 4.2, the bond polarizability derivative model in Raman spectroscopy
can be used to quantitatively interpret SFG-VS spectra in different polarizations.
Reciprocally, because SFG-VS has the advantage to study spectral details, it can be
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used to obtain detailed information on the bond polarizability of the same chemical bond
in different molecules or in different places in the same molecule. Because the
vibrational spectra obtained with SFG-VS are usually narrower, and some of the
peaks may be suppressed in different polarizations, it has certain power to help resolve
uncertain vibrational modes in IR and Raman spectroscopies in the condensed phase.
We have shown here even with relatively very simple molecules, such as ethylene glycol
and ethanol, there is ambiguity and confusion in their vibrational spectroscopy,
which can be discerned with SFG-VS polarization analysis. In the meantime, with the
abilities for detailed spectral assignment and quantitative polarization analysis of
SFG-VS spectrum as presented in this review, it is possible to employ it to investigate
spectroscopy, structure, and dynamics at the complex molecular interfaces at the
molecular and chemical bond level.

5. Summary

In summary, the ability to use SFG-VS for understanding of molecular interfaces
depends on the abilities to make detailed interpretation of SFG vibrational spectrum,
and depends on our ability to analyse the polarization data in SFG-VS measurements
for the orientational order parameters of the molecular interface. Through examples of
a series of vapour/neat liquid interfaces, this review focuses on the recent developments
regarding the aspects on the ability of SFG-VS for quantitative polarization and orien-
tational analysis, and polarization spectral analysis. The intensity of SFG-VS spectral
peaks depends on many parameters and factors, such as the experimental polarization
configuration, geometry of optical arrangements, the local field factors in the interface
layer, symmetry properties of the molecular groups under investigation, and the
hyperpolarizability tensor ratios. Therefore, depending on so many parameters, quan-
titative analysis of SFG-VS data used to be a somewhat dreadful exercise. Detailed
discussion on these parameters and factors helps us to develop optimized experimental
arrangements to assess the influences of each parameter and factor, to test the validity
of models for local field factors in molecular layers and model for bond polarizability
derivative, and to analyse the molecular symmetry through polarization data. With
better understanding of the determining parameters and factors on SFG-VS intensities,
spectroscopic, structural, conformational information of the molecules in the interface
layer can be quantitatively investigated.

We have discussed in detail the PNA method and the incident angle geometry for
accurate determination of the molecular orientational parameters in the molecular
layer. It is shown that the PNA method can be much more accurate than the PIR
method. We have also shown that in doing PNA measurements in co-propagating
geometry, the D value obtained is independent of the refractive indices and local
field factors in the molecular layer in IR wavelengths, which are usually not available.
We then discussed the issues related to the local field factors in the molecular layer.

In order to examine and test the bond polarizability derivative model, general
expressions of non-zero molecular hyperpolarizability tensors are given for C3v, C2v

and C1v molecular groups in Appendix B. The effectiveness and validity of the
model in quantitative SFG-VS analysis are tested with SFG-VS measurement
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on vapour/neat liquid interfaces. It is demonstrated that with the bond polarizability

derivative model, detailed information on molecular bonds can be explained. Even

though the r or R values of a molecular group cannot be generally transferable,

clues can be found for similar r values of a certain C–H bond in similar chemical

environment, and the differences of r values can be generally compared.
Polarization analysis of SFG-VS intensities from molecular groups with different

symmetries leads to a set of polarization selection rules or guidelines for assignment

of complex SFG-VS vibrational spectra. These selection rules enabled the spectral

assignment in SFG-VS to be in situ, i.e. with its own abilities, instead of being ex situ,

i.e. depending only on indirect knowledge from IR and Raman assignments. Of course,

knowledge from IR and Raman studies is nevertheless very helpful. The selection rules

developed here may need to be modified to some extent, but the concept to make in situ

SFG-VS spectral assignment will certainly advance the ability in SFG-VS for investiga-

tion of complex molecular interfaces. With these selection rules, explicit assignments of

SFG-VS spectra are achieved for a series of vapour/diol and vapour/normal alcohol

interfaces. Some ambiguity and confusion in the assignments of IR and Raman

spectrum in liquid phase is also addressed. Polarization selection rules and polarization

analysis in SFG-VS are essential steps for understanding of the vibrational

spectroscopy of complex molecular interfaces. Moreover, SFG-VS may also be used

to elucidate spectral ambiguity and confusion on spectral assignment where IR and

Raman may not work.
In order to make effective quantitative orientational and spectral analysis, SFG-VS

experiments need to be performed in different polarizations, and some times with dif-

ferent incident angle geometries. In these measurement, accurate control of polarization

and incident angle is required [24, 25, 77, 80, 87]. The effectiveness of such polarization

analysis can only be tested with reliable experimental data on well defined model inter-

faces. Vapour/neat liquid interfaces are ideal model interfaces for such purposes.
Even though SFG-VS measurements on different polarizations has been generally

practiced and the PIR method has been commonly used to study molecular orientation

at interfaces, systematic comparison of the polarization dependence of SFG-VS

spectrum has not been employed for SFG-VS spectral assignment until recently. The

incident angle geometry dependence of SFG-VS intensities has not been effectively

discussed in previous SFG-VS studies. We have shown that co-propagating incident

angle geometry can greatly simplify the quantitative analysis of SFG-VS data. And

the incident angle analysis can be used to resolve overlapped spectral peaks.
As Shen et al. pointed out recently, SFG-VS is the only technique that can yield

a vibrational spectrum for molecules at a free liquid or liquid mixture interface [7].

With the development of quantitative orientational and spectral analysis in SFG-VS,

molecular interfaces, especially liquid interfaces, can be studied in great detail.

Recently, with accurate determination of the orientational parameters at the vapour/

methanol–water mixture and vapour/acetone–water mixture interfaces, a double

layered structure at these liquid interfaces was determined, and adsorption free energies

for the first and second layers were also determined [77, 78, 80]. The ideas, concepts,

and knowledge learned on the liquid interfaces at such detailed molecular level

can be used for understanding of other kinds of molecular interfaces, and it is equally
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important that the techniques and methodologies developed can find broad applica-
tions to other molecular interfaces as well.
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Appendix

Appendix A: susceptibility tensors for molecular groups
with C3v, C2v, and C1v symmetry

According to Goldstein [47], there are 12, i.e. 2
 3!, ways to make the Euler trans-
formation between the molecular coordinates frame x0y0z0, or abc, and the laboratory
coordinates frame xyz. Here we use the Euler transformation defined in figure 14,
one of the two popular definitions in describing problems in molecular spectroscopy
[16, 33, 59, 67], and it has to be noted that inconsistencies should generally arise with
the  and � terms if these different ways of Euler transformations are not carefully dis-
tinguished and kept self-consistent. In our work, the Euler transformation matrix < is,

< ¼

cos cos�� cos � sin� sin � sin cos�� cos � sin� cos sin � sin�

cos sin�þ cos � cos� sin � sin sin�þ cos � cos� cos � sin � cos�

sin � sin sin � cos cos �

0
B@

1
CA
ð24Þ

as defined in

x

y

z

0
B@

1
CA ¼ < 


x0

y0

z0

0
B@

1
CA ¼

Rxx0 Rxy0 Rxz0

Ryx0 Ryy0 Ryz0

Rzx0 Rzy0 Rzz0

0
B@

1
CA

x0

y0

z0

0
B@

1
CA: ð25Þ

The molecular fixed coordinates abc for the CH3 and CH2 are defined in figure 15.
The expressions of the susceptibility tensors for C3v, C2v, and C1v symmetry groups
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have been scattered in the literature, and in slightly different forms from each
other. Here we try to put them together in a consistent form for convenience in
future applications.

C3v symmetry group. There are 11 non-zero microscopic hyperpolarizability elements
for C3v symmetry group, such as CH3, NH3, and SiH3 groups, etc. [36, 37, 68]. The first
three terms are symmetric terms, and the last eight terms are asymmetric terms, corre-
sponding to the symmetric stretching and asymmetric stretching modes, respectively:

�aac ¼ �bbc, �ccc

�aca ¼ �bcb, �caa ¼ �cbb

�aaa ¼ ��bba ¼ ��abb ¼ ��bab:

ð26Þ

When both the SF and visible frequencies are off resonance, one has �aca¼
�bcb ¼ �caa¼ �cbb. Then for a rotationally isotropic interface, the seven non-zero
macroscopic elements of �ð2Þijk are obtained through integration over the two Euler
angles (� and  ) as in the following [164, 165].

Figure 14. The Euler transformation between the laboratory coordinates xyz and the molecular coordinate
abc (or x0y0z0) through three Euler angles (�, �, ).

c

b

a
C

H1 H3

H2
a

c

b

C

H1 H2

Figure 15. The definition of molecular fixed coordinates of CH3 and CH2.
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For the symmetric stretching (ss) vibrational mode,

�ð2Þ, ssxxz ¼ �
ð2Þ, ss
yyz ¼

1

2
Ns�ccc ð1þ RÞ cos �h i � ð1� RÞ cos3 �

	 
� �

�ð2Þ, ssxzx ¼ �
ð2Þ, ss
zxx ¼ �

ð2Þ, ss
yzy ¼ �

ð2Þ, ss
zyy ¼

1

2
Ns�cccð1� RÞ cos �h i � cos3 �

	 
� �
�ð2Þ, sszzz ¼ Ns�ccc R cos �h i þ ð1� RÞ cos3 �

	 
� �
:

ð27Þ

For the asymmetric stretching (as) vibrational mode,

�ð2Þ, asxxz ¼ �
ð2Þ, as
yyz ¼ �Ns�aca hcos �i � cos3 �

	 
� �
�ð2Þ, asxzx ¼ �

ð2Þ, as
zxx ¼ �

ð2Þ, as
yzy ¼ �

ð2Þ, as
zyy ¼ Ns�aca cos

3�
	 


�ð2Þ, aszzz ¼ 2Ns�aca cos �h i � cos 3�
	 
� �

:

ð28Þ

Here the hyperpolarizability ratio is R ¼ �aac=�ccc ¼ �bbc=�ccc. R is different for the
methyl group in different molecules, which can be explicitly determined from the inde-
pendently measured Raman depolarization ratio [22, 38]. It has been indicated that R
has to be in the range of about 1.66–4.0 for the methyl group [22, 36, 37, 72, 103], with
R¼ 1.7 for methanol, R¼ 3.4 for ethanol and longer chain 1-alcohols, R¼ 1.9 for
acetone, and R¼ 2.3 for DMSO [70, 72, 103, 105]. Actually, R can be smaller than 1.66
in some cases, but it should be generally larger than 1 for C3v groups, as discussed in
Appendix B. � is the tilt angle of the C3 axis from the surface normal, and the operator
h i denotes orientational ensemble average over different molecular orientations. It is
noted that the last four of the 11 non-zero hyperpolarizability elements for methyl
group vanishes in equation (27) and equation (28) due to the orientational ensemble
average. It is also noted that the asymmetric susceptibility tensor terms for the
methyl group are different from the corresponding terms for the asymmetric terms of
the methylene group by a factor of 2 [26, 164, 165], instead of bearing the exact
same forms [86], unless the two fold degeneracy of the CH3-as mode is lifted.

It is to be noted that in some work, cos 3�, instead of cos3 �, is used in the above
expressions [131]. They are equivalent through the trigonometrical relationship
cos 3� ¼ 4 cos3 � � 3 cos �.

C2v symmetry group. For C2v symmetry groups, such as the CH2 group, there are
seven non-vanishing molecular hyperpolarizability tensor elements [36, 37, 40, 68].
The first three terms are symmetric (a1), and the last four terms are asymmetric
(b1 and b2), corresponding to the symmetric stretching and asymmetric stretching
modes of the CH2 group, respectively:

�aac, �bbc, �ccc, �aca ¼ �caa, �bcb ¼ �cbb: ð29Þ

Averaging over the Euler angle � for the rotationally isotropic interface, the seven
non-zero macroscopic �ð2Þijk elements are the following.
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For the symmetric stretching (ss, a1) vibrational modes,

�ð2Þ, ssxxz ¼ �
ð2Þ, ss
yyz ¼

1

2
Ns cos2  

	 

�aac þ sin2  

	 

�bbc þ �ccc

� �
cos �h i

þ
1

2
Ns sin2  

	 

�aac þ cos2  

	 

�bbc � �ccc

� �
cos3 �
	 


�ð2Þ, ssxzx ¼ �
ð2Þ, ss
zxx ¼ �

ð2Þ, ss
yzy ¼ �

ð2Þ, ss
zyy

¼ �
1

2
Ns sin2  

	 

�aac þ cos2  

	 

�bbc � �ccc

� �
cos �h i � cos3 �

	 
� �
�ð2Þ, sszzz ¼ Ns sin2  

	 

�aac þ cos2  

	 

�bbc

� �
cos �h i

�Ns sin2  
	 


�aac þ cos2  
	 


�bbc � �ccc
� �

cos3 �
	 


:

ð30Þ

For the asymmetric stretching (as, b1) vibrational mode,

�ð2Þ, asxxz ¼ �
ð2Þ, as
yyz ¼ �Ns�aca sin

2  
	 


cos �h i � cos3 �
	 
� �

�ð2Þ, asxzx ¼ �
ð2Þ, as
zxx ¼ �

ð2Þ, as
yzy ¼ �

ð2Þ, as
zyy

¼
1

2
Ns�aca cos2  

	 

� sin2  
	 
� �

hcos �i þNs�aca sin
2  

	 

cos3 �
	 


�ð2Þ, aszzz ¼ 2Ns�aca sin
2  

	 

cos �h i � cos3 �

	 
� �
:

ð31Þ

The b2 asymmetric mode bears the same expressions as the b1 mode. The only differ-
ence is that each �ð2Þ, asijk term in b2 symmetry is proportional to �bcb instead of �aca. �bcb is
zero if the molecule is placed in the molecular coordinates system abc as in figure 15.

The Euler angle  can be integrated if the H–X–H plane of the XH2 group can freely
rotate along its c axis. This is usually hindered if there are other groups attached to the
X atom. So generally the polyethylene, i.e. –(CH2–CH2)n–, chain cannot rotate freely.
However, for those XH2 groups that can freely rotate, the Euler angle can be
averaged out by letting hcos2  i ¼ hsin2  i ¼ 1=2 in equations (32) and (33). So, we
have the following:

�ð2Þ, ssxxz ¼ �
ð2Þ, ss
yyz ¼

1

4
Ns �aac þ �bbc þ 2�cccð Þhcos �i

þ
1

4
Ns �aac þ �bbc � 2�cccð Þhcos3 �i

�ð2Þ, ssxzx ¼ �
ð2Þ, ss
zxx ¼ �

ð2Þ, ss
yzy ¼ �

ð2Þ, ss
zyy

¼ �
1

4
Ns �aac þ �bbc � 2�cccð Þ hcos �i � cos3 �

	 
� �

�ð2Þ, sszzz ¼
1

2
Ns �aac þ �bbcð Þhcos �i �

1

2
Nsð�aac þ �bbc � 2�cccÞ cos

3 �
	 


ð32Þ
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and the non-vanishing tensor elements for methylene asymmetric-stretching mode (as),

�ð2Þ, asxxz ¼ �
ð2Þ, as
yyz ¼ �

1

2
Ns�aca hcos �i � cos3 �

	 
� �

�ð2Þ, asxzx ¼ �
ð2Þ, as
zxx ¼ �

ð2Þ, as
yzy ¼ �

ð2Þ, as
zyy ¼

1

2
Ns�aca cos

3 �
	 


�ð2Þ, aszzz ¼ Ns�aca hcos �i � cos3 �
	 
� �

ð33Þ

For the CH2 group, there is a general relationship �aac þ �bbc � 2�ccc ¼ 0, as shown
in Appendix B. Therefore, equation (32) can be greatly simplified for polarization spec-
tral analysis [26]. Especially, this relationship makes �ð2Þ, ssxzx ¼�

ð2Þ, ss
zxx ¼ �

ð2Þ, ss
yzy ¼�

ð2Þ, ss
zyy ¼ 0,

which means no ss vibrational mode spectra must be observed in the sps and pss polar-
izations according to equation (32). However, if ss vibrational mode spectra for
CH2 group can be observed in the sps and pss polarizations, the conclusion is that
the twist angle  cannot be rotationally averaged, and the analysis has to used
equations (30) and (31).

C1v symmetry group. The XH groups, such as single OH and CH bond, would have
C1v symmetry. The non-zero hyperpolarizability terms for a C1v group are all
symmetric [66, 102], i.e. �aac ¼ �bbc ¼ R�ccc, with the R value falling into the range
0–0.28 for C–H, equal to its bond polarizability derivative ratio r [22, 37, 103].
Generally, 0 	 r < 1 is for a single chemical bond. It is easy to show that the non-
zero elements for C1v symmetry susceptibility tensors follow the same expressions as
those for the ss mode of the CH3 group in equation (27). However, as we have
shown in section 4, the different R values for the CH3 and CH groups should lead
to quite different polarization selection rules for the two groups. The r value for the
single O–H group is about 0.32 or less [102, 166], the treatment for the methine
group here can be applied to the analysis to stretching mode of the O–H group, the
C¼O group, and other molecular groups with C1v symmetry.

Appendix B: hyperpolarizability and Raman depolarization ratio

As we pointed out above, knowledge of the hyperpolarization ratios between different
�i0j0k0 tensor elements is crucial for quantitative interpretation and polarization analysis
of SFG-VS spectrum. Hirose and co-workers used a bond polarizability derivative
model to derive expressions for non-zero hyperpolarizability tensor elements of the
CH3 and CH2 groups from the single CH bond polarizability derivative with a C1v

symmetry, and the single bond polarizability derivative ratio r ¼ 	0

=	
0
�� ¼ 	

0
��=	

0
��, in

which 
�� is the molecular coordinates of the single CH bond with � as the CH bond
axis. The r value can be empirically obtained from the measured Raman depolarization
ratio � through the bond polarizability derivative ratio [36, 37, 114].

In Hirose’s initial formulation of the bond polarizability derivative model [36], r¼ 0
was assumed. However, the inadequacy of this assumption is apparent, because the CH
single bond does have a polarizability and polarizability derivative perpendicular to the
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bond axis direction [115]. Therefore, revisions [37, 114] were made by Hirose et al. [36],
to incorporate the case for 0 	 r < 1. This revision should have been able to be reduced
back to the initial expressions [36] if we let r¼ 0. However, careful examination indi-
cated that the expressions given in both cases are not fully consistent with themselves
[36, 37, 114]. This might be the reason that even though these seminal works by
Hirose et al. have been very popularly cited in the SFG-VS literature, concrete test
of validity of the model cannot be found. We have carefully reexamined the derivations,
checked the consistency, and tried to test its quantitative validity on interpretation of
SFG-VS spectral intensities with some cases as reviewed here.

A detailed bond polarizability derivative calculation has been conducted by Dr. Xing
Wei in Prof. Y. R. Shen’s group for CH2 group with r¼ 0.14, and applied to SFG-VS
study on the CH2 groups at a rubbed polyvinyl alcohol polymer surface [40, 41]. Our
expressions for CH2 give exactly the same Ra and Rb ratios as them for the CH2

group when r¼ 0.14 is plugged in. This is one indication that the expressions we derived
should be in the correct form. So we list these expressions of the hyperpolarizability
tensors in terms of the bond polarizability derivative ratio below. The expressions
are all based on the seminal papers by Hirose et al. [36, 37, 114]. Even though the
expressions are derived for CHn groups, they can be readily used for groups with the
same molecular groups respectively.

It is to be noted that even though this approach has been called the bond polarizabil-
ity derivative model, in order to derive the hyperpolarizability tensors, both the bond
polarizability derivative model (for Raman tensors) and bond moment derivative
model (for IR bond moment) are actually used. The effectiveness of Hirose’s model
actually depends on the effectiveness of both models. Even though we have presented
some good examples supporting the validity of Hirose’s model for quantitative analysis
of SFG-VS spectra, further detailed examinations are still warranted.

CH group with C1v symmetry. For a single CH bond with C1v symmetry, r ¼
	0

=	

0
�� ¼ 	

0
��=	

0
��. Its three non-zero elements for the symmetric stretching mode are

�aac ¼ �bbc ¼ r�ccc

�ccc ¼ �
1

2�0!CH
GCH

@	��
@�

� �
0

@
�
@�

� �
0

¼
GCH

!CH
�0CH:

ð34Þ

Here !CH is the stretching frequency of the CH single bond; GCH ¼ 1=MC þ 1=MH is
the inverse effective mass of the CH bond; and �ccc ¼ GCH�

0
CH=!CH is the hyperpolar-

izability constant for a single CH bond, as defined by Shen et al. [40, 41]. For the
CH group, the molecular fixed coordinates ðabcÞ are equivalent to the single bond fixed
coordinates ð
��Þ. The single CH bond polarizability derivative ratio r can be obtained
from the Raman depolarization ratio �. Of course, only one of the two solutions in
equation (35) which satisfies 0 	 r < 1 is physically acceptable for the single CH bond.

� ¼
3�2

45	2 þ 4�2
¼

3

4þ 5 ð1þ 2rÞ=ð1� rÞ½ �
2
: ð35Þ
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CH3 group with C3v symmetry. The definition of the molecule fixed coordinates for
CH3 is shown in figure 15. With r as the single bond polarizability derivative ratio,
the 11 non-zero molecular hyperpolarizability tensor elements for CH3 with a C3v

symmetry are listed as follows:

�aac ¼ �bbc ¼ �
3

2

Gsym�
0
CH

!s
ð1þ rÞ � ð1� rÞ cos2 �
� �

cos �

�ccc ¼ �3
Gsym�

0
CH

!s
rþ ð1� rÞ cos2 �
� �

cos �

�bcb ¼ �cbb ¼ �caa ¼ �aca ¼ �
3

2

Gdeg�
0
CH

!d
1� rð Þ sin2 �cos �

�aaa ¼ ��bba ¼ ��abb ¼ ��bab ¼
3

4

Gdeg�
0
CH

!d
1� rð Þ sin3 �

ð36Þ

where � is the ffH–C–H bond angle for the CH3 group; Gsym ¼ ð1þ 2 cos �Þ=MCþ 1=MH

and Gdeg ¼ ð1� cos �Þ=MC þ 1=MH are the inverse effective mass for the symmetric
and asymmetric normal modes, with MC and MH as the atomic masses of C and H
atoms, respectively. !s and !d are the vibrational frequency of the symmetric and
asymmetric vibrational modes for CH3. These definitions are the same as given by
Hirose et al. [36, 37]. Then, one can have

R ¼
�aac
�ccc
¼

1þ r� ð1� rÞ cos2 �

2 rþ ð1� rÞ cos2 �½ �
ð37Þ

and then with equation (20), it is easy to show that

� ¼
3�2

45	2 þ 4�2
¼

3

4þ 20 1þ2r
ð1�rÞð1�3 cos2 �Þ

h i2 : ð38Þ

With equation (37), one can only get one solution for 0 	 r < 1. Therefore, the value
for R calculated from equation (37) is unique. Because for CH3 the bond angle
� ffi 109:58 and cos � ffi �1=3, with 0 	 r < 1 one can show that 4 � R > 1 [22].

For example, �¼ 0.014 [103] for the CH3 group in methanol, and so r¼ 0.28 and
R¼ 1.67; while �¼ 0.053 [103] for the CH3 group in ethanol, so r¼ 0.026 and
R¼ 3.4. It is clear that the r and R values for the CH3 group cannot be transferred
between methanol and ethanol molecules.

It is interesting to note that �aca is proportional to 1� r. Therefore, the larger the r,
the smaller the asymmetric intensity. Therefore, from equation (36), calculation using
the r¼ 0.28 gives �aca=�ccc ¼ 1:0 and r¼ 0.026 gives �aca=�ccc ¼ 3:4. Since the
SFG-VS intensity is proportional to ð�Þ2, this fact explains quantitatively why the
SFG-VS peak of the asymmetric modes of CH3 group in interfacial methanol is
more than 10 times weaker than that of ethanol, as well as other long chain normal
alcohols [43].
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The ratio �CH3
ccc =�

CH
ccc can be derived to compare the CH3 and CH SFG-VS spectral

intensities,

�CH3
ccc

�CH
ccc

¼ �3
Gsym!CH

!sGCH
rþ ð1� rÞ cos2 �
� �

cos �: ð39Þ

Given MC ¼ 12, MH ¼ 1, � ¼ 109:58, !CH ¼ 2920 cm�1, !CH3�ss ¼ 2870 cm�1, we have
cos � ffi �1=3, and �CH3

ccc =�
CH
ccc ¼ 0:107ð1þ 8rÞ.

CH2 with C2v symmetry. Definition of the molecule fixed coordinates for CH2 is
shown in figure 15. Then the seven non-zero hyperpolarizability tensor elements of
CH2 with C2v symmetry are as follows:

�aac ¼
Ga�

0
CH

!a1
ð1þ rÞ � ð1� rÞ cos �½ � cos

�

2

� �

�bbc ¼
2Ga�

0
CH

!a1
r cos

�

2

� �

�ccc ¼
Ga�

0
CH

!a1
ð1þ rÞ þ ð1� rÞ cos �½ � cos

�

2

� �

�aca ¼ �caa ¼
Gb�

0
CH

!b1
ð1� rÞ sin �½ � sin

�

2

� �

�bcb ¼ �cbb ¼ 0

ð40Þ

where � is the ffH–C–H bond angle for the CH2 group; Ga ¼ ð1þ cos �Þ=MC þ 1=MH

and Gb ¼ ð1� cos �Þ=MC þ 1=MH are the inverse effective mass for the symmetric
(a1) and asymmetric (b1) normal modes, with MC and MH as the atomic mass of C
and H atoms, respectively. !a1 and !b1 are the vibrational frequencies of the respective
modes. Then one has

Ra ¼
�aac
�ccc
¼

1þ r� ð1� rÞ cos �

1þ rþ ð1� rÞ cos �

Rb ¼
�bbc
�ccc
¼

2r

1þ rþ ð1� rÞ cos �

R ¼
Ra þ Rb

2
¼
�aac þ �bbc

2�ccc
¼

1þ 3r� ð1� rÞ cos �

2 1þ rþ ð1� rÞ cos �½ �
:

ð41Þ

Therefore, the Raman depolarization ratio can also be derived from equation (20)
as follows:

� ¼
3

4þ 20½ð1þ 2rÞ2=ð1� rÞ2ð1þ 3 cos2 �Þ�
: ð42Þ
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Because for CH2 the bond angle � ffi 109:58 and cos � ffi �1=3, with 0 	 r < 1, one
has 2 � Ra ¼ ð2þ rÞ=ð1þ 2rÞ > 1, 1 > Rb ¼ 3r=ð1þ 2rÞ � 0, and R¼ 1. Therefore,
with r¼ 0.14, Ra ¼ 1:67 and Rb ¼ 0:33. These are just the same ratios obtained by
Shen et al. [40, 41].

Another very important relationship is that R¼ 1 is generally true for CH2 group no
matter what r value is for the single bond. This relationship is determined by the fact
that � ¼ 109:58. This indicates that �aac þ �bbc � 2�ccc ¼ 0 is generally true for the
CH2 group. In the meantime, since for the water molecule � ¼ 104:58, one can show
that the �aac þ �bbc � 2�ccc value for the C2v water molecule has to be very small.
This fact can be very useful in quantitative analysis of SFG-VS spectra of the interface
water molecules.

It is interesting to note that �aca of C2v group is also proportional to 1� r. Therefore,
the larger the r, the smaller the asymmetric SFG-VS intensity. This fact can be used to
compare SFG-VS spectral intensity of different CH2 groups in the molecular interface
layer. A very good example is presented in section 3.4 for vapour/1,5-pentanediol
interface [26].

Finally, the ratio �CH2
ccc =�

CH
ccc can be derived to compare the CH2 and CH SFG-VS

spectral intensities,

�CH3
ccc

�CHccc
¼

Ga!CH

!a1GCH
½ð1þ rÞ þ ð1� rÞ cos �� cos

�

2

� �
: ð43Þ

Given MC ¼ 12,MH ¼ 1, � ¼ 109:58, !CH ¼ 2920 cm�1, !CH3�ss ¼ 2850 cm�1, we have
cos � ffi �1=3, and �CH2

ccc =�
CH
ccc ¼ 0:384ð1þ 2rÞ:
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