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Abstract : Molecular monolayer at the air-water interface was investigated using second-order
nonlinear optical processes {surface sum-frequency generation and second-harmonic generation). Laser
outputs at different frequencies could selectively excite and probe the desired part of the chemical
bonds or sub-moieties of a model molecule, pentylcyanoterphenyl. By using different polarization
combinations of input and output beams in the measurement, all the independent nonlinear optical
susceptibilities of each part could be deduced. It was determined the orientation of cyano group and
terphenyl ring was about 50° from the surface normal, and that of the terminal CH; group was 58,
with the pentyl chains in the layer mostly straight conformation. Thus a quantitative and self-consistent
picture of the molecular conformation at the interface was obtained.

Introduction

Characterization of molecular orientation and
structure at the surface and interface is an
important issue since the conformation of such
molecules is directly related to a wide variety of
interesting phenomena like wetting, adhesion,
lubrication, catalysis and biomembrane functions.
Accordingly, many experimental techniques have
been developed or adopted to probe such a
system, but each has some limitations. Electron
and neutron scattering, electron energy loss spec-
troscopy, and X-ray absorption spectroscopy can
only be operated in a high vacuum environ-
ment for the propagation of massive particles. X-
ray diffraction requires the high-fluence synchro-
tron radiation source and is most suitable when
there is a certain order among the surface
molecules."” Scanning tunnelling microscopy had
a lot of success in the study of self-assembled
thiol monolayers on metal surfaces but its applica-
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tion is limited to conductive substrates.®* Atomic
force microscope has been used to study the
morphology and mechanical properties of
surfaces and interfaces.*® Its resolution has not
been sufficient to probe individual molecule, but
recently improved resolution made it possible to
observe the conformational change of individual
molecules in a monlayer.® Optical techniques, such
as infrared absorption spectroscopy, Raman spec-
troscopy and ellipsometry, do not have the above
limitations and can be applied to any interfaces
in any environment accessible by light, but they
usually lack sufficient surface sensitivity to
discriminate the surface signal against the
dominant bulk signal.

Surface second-harmonic generation (SHG)
and sum-frequency generation (SFG) have recent-
ly been proven to be powerful and versatile
surface analytical probes.”® They have all the
advantages of optical techniques, namely, high
sensitivity, high spatial, temporal and spectral
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resolution, and are non-destructive and applicable
to any interfaces accessible by light. Moreover, as
second-order nonlinear optical processes, they
are forbidden in media with inversion symmetry
but necessarily allowed at surfaces and interfaces,
which makes them intrinsically surface-specific
for interfaces between centrosymmetric media.
Also as second-order nonlinear optical processes,
they are governed by a second-order suscep-
tibility tensor, which contains much more
information than the first-order linear susceptibility
tensor. As a result, detailed information on
molecular orientation at the interface can be
determined from these measurements.'"”® Using a
coherent tunable light source as input, SHG and
SFG can also serve as surface spectroscopic tools
by tuning the input beam to the electronic or
vibrational resonance of the surface species.”*
Thus we can expect these nonlinear optical
techniques to be used to selectively probe each
chemical bonds or sub-moieties of a molecule
and therefore completely map out the orientation
and conformation of a fairly complicated
molecule at the interface. We choose 4"-n-pentyl-
4-cyano-p-terphenyl (5CT) molecule at the air-
water interface as a demonstration for this
principle. 5CT molecules, as shown in Figure 1
are amphiphilic and form a Langmuir monolayer
on water surface, with its cyano group pointing
toward the water. As stated above, molecules of
a Langmuir are very difficult to study using
existing techniques due to the presence of water
underneath. A 5CT molecule has three sub-
moieties, a cyano group, a terphenyl ring and an
alkyl chain. We have measured the orientation of

e .

PN

Figure 1. Chemical structure of 5CT.
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the cyano group and alkyl chain by IR-visible
SFG by tuning the infrared laser to its vibrational
resonance, and that of the terphenyl ring by SHG
utilizing large second-harmonic susceptibility of
that part of the molecule with 532 nm excitation.
The results are quantitatively consistent with
each other and vield a detailed picture of the
molecular orientation and conformation.

In the next section of the paper, the basic
theory is described to determine the molecular
orientation from SHG and SFG measurements. In
section IIl, the experimental setup and the sample
preparation method are briefly described. The
experimental results are presented in Section IV
along with a brief discussion of the results to
conclude the article.

Theory

We will describle the formalism for deriving
information from SHG and SFG
measurements. For the basic theory of surface
SHG and SFG, the reader is referred to the
earlier references.”" The typical system is
composed of two centrosymmetric media 1
(above), 2 (below), and an interfacial layer. In
our case, medium 1 would be air, medium 2
water and the interfacial layer the 5CT
monolayer. When two coherent optical fields E;
and E., with frequencies @ and @ overlap
spatially and temporally at the interface, a
second-order nonlinear suceptibility ¥ (w=@+a,)
of the interfacial layer generates nonlinear
polarization P{w= @+ ),

P(0=o+m) =Y (0= 0 +ay): Ey(oy) Ex()(1)

For IR-visible SFG, @ is in the visible range and
@, is in the infrared range and made tunable. For
SHG, o=, since E; and E: both come from one
laser beam. Since we consider the case of media 1
and 2 being centrosymmetric, this polarization
layer at the interface is solely responsible for the
radiation of sum frequency (SF) in the electric
dipole approximation. This radiation can only
add up constructively in the transmission and
reflection direction and normally the SF signal in
the reflected direction is measured. The SF
intensity in the reflection direction is given by

orientation
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_ 8@aPsedp
1= o @, (@)
X|X¢(?f|211(a’1)12(0)).) (2)

where n(£2) is the refractive index of medium i at
frequency £2, B is the reflection angle of the SF
field from the surface normal, I(@) and I.{@)
are the intensities of the two input fields. The
effective nonlinear susceptibility x5 takes the
form of

2 =1€ (@) L(0)] 2®: [L(en)-€ ()]
X[L(ay)-€ ()] (3)

where € (€2) is the unit vector in the polarization
direction of the light, and L(£) the Fresnel factor
tensor at frequency £2.

In the case of azimuthally isotropic interface,
there are only four independent nonvanishing
components of x?. With the lab coordinates
chosen such that Z is along the interface normal
and x in the incidence plane, the four %-
components are Xwe=Xws Xsox™Xoms Xoox=Xwy» and
X.... These four components can be deduced by
measuring SFG with four different input and
output polarization combinations, namely, SSP,
SPS, PSS and PPP, where the first letter denotes
the polarization of the output SF field, and the
second and third letters the polarizations of E;
and E., respectively. In the usual case where the
frequencies of the visible input beam @, or the
sum-frequency output beam @ are not resonant
to the molecular energy levels under investigation,
we have additionally Xu«=JXx and the number of
independent ¥ components is reduced to three.
The effective nonlinear susceptibilities needed to
determine these three components can be
calculated from Eq. (3).

Gy s5p =L (@) Ly (@) Lz (03)sin B, xe  (4a)
2y sps =Ly () Lz(0) Lyy (@) sin By ez (4b)

25 ppp=—Loa: (@) Lz () Lz () cos Bos By sin B, - gz
=L (@) Lz () Lx (@) cos Bsin By cos B, Yo
+Lz (@) L (@) Lx (@) sin Beos B cos B, - xox

+Lz(0) Lz (0,) Lz{e,)sin Bsin B, sin B, - xﬁc)

where fB's are the incidence angles of the optical
field E, and L., (£2), L,, (£2), and L., () are the
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diagonal elements of Fresnel-factor tensor L{£2),
given by

_ 2n,(£)cos B,
L) = n (£ cos B, +n,(£2) cos B, (5a)
3 2n(£)cos B,
b O D@,
2
_ 2n () cos By ny(£2)
L= = @ cos B+ Dycos [n'(a) ] (5
where n'(Q) is the refractive index of the

interfacial layer. Since the interfacial layer in this
case is about a monolayer, its refractive index
can be quite different from that of the bulk
material and wvery difficult to measure. It is
therefore the usual practice that n'(€2) is chosen
to be equal to ni(€2) or n{R). However, as will
be shown later, the determination of molecular
orientation is quite sensitive to the value of n'(€),
and choosing n'(£2) to be equal to the refractive
index of one of the neighboring media is not
always a good approximation.

In the IR-visible SFG, one of the input beams
(IR) is tuned across the vibrational resonance of
the interfacial molecule. Then, the response of the
output field can be described by the following
nonlinear susceptibility

==Y (6)

a).,+11'

where x% and x¥ denote the nonresonant and

resonant contributions to the nonlinear sus-
ceptibility, respectively, @ is the frequency of the
tuned optical field, and %, @, and I, are the
strength, frequency and damping constant of the
gth resonance. Each resonance corresponds to
one particular excitation mode of one moiety
on the surface, of which the hyperpolarizability
tensor can be written as

Do %
e (7)

The measured nonlinear susceptibility can be
related to the molecular hyperpolarizability @, by
coordinate transformation and averaging over the
orientational distribution of the moiety

2 =Ne <G -OG ME &> (8)
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In the above equation, index g is dropped for
simplicity, N, is the surface density of the
molecules, and (i, j, k) and (¢ h, € ) are unit
vectors along the lab and molecular coordinates,
and angular brackets mean orientational average.
Above equation then allows us to deduce the
orientation of the moiety from the measured
nonlinear susceptibility tensor if the hyperpolariza-
bility of the moiety is known.

So far it has been described how to determine
the orientation of the subgroup from the sum-
frequency generation measurement. In case of
SHG, two input fields are identical and there
exist three independent nonlinear susceptibilities
Lor=Xowsr Xax=Xims XKoo= X @and Jow* Measure-
ments of SH signal for three independent
polarization combinations would determine these
components and the orientation of the subgroup
responsible for the SH signal can be calculated
similarly.

As a specific example relevant to our system
being studied, we can calculate Eq. (8) for the
case where the moiety is cylindrically symmetric
with symmetry axis along & Then there are only
two nonvanishing independent o-components, Qy
=0 and O, and the nontrivial X-components
become

spoa= == Ny [ cos ) (14+7)— {cos? 85 (1—r)]
2 (9a)

= xyzy=%NsOt( {cos 6) — <cos® ) )(1~r) (9b)
Xezz=Ns [ {cos 8) + {cos* ) (1-r)] (9¢c)

where @=04;, r=0y;/ Qx, and 0 is the polar angle
of the symmetry axis é as in Figure 1. From Eqgs.
{9), the orientation 8 and the depolarization ratio
r of the moiety can be readily determined by
assuming a 6-function distribution for 6.

Experimental

Pulsed Nd:YAG laser beam at 1064 nm with 25
ps pulsewidth and 20 Hz repetition rate is the
major light source in the SFG experiment. lts
frequency-doubled output at 532 nm is used as
a visible beam. The tunable IR beam is generated
from a AgGaS: crystal by mixing the funda-
mental beam of the Nd:YAG laser with the
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Figure 2. Pressure-area isotherm of 5CT on water at room
temperature.

output of an optical parametric generator/
amplifier system.”® The two beams are overlap-
ped at the sample spatially and temporally with
incidence angles 44° and 57°, respectively for the
visible and IR. The SF output in the reflection
direction is picked up by a photomultipllier with
gated electronics after proper spatial and spectral
filtering. In the SHG experiment, a frequency-
doubled Q-switched mode-locked Nd:YAG laser
with 500 Hz repetition rate is used as the
fundamental beam and its SHG output is again
measured by a photomultiplier with gated elec-
tronics after a set of spectral filters.

The 5CT Langmuir monolayer is prepared by
dissolving 5CT crystal in chloroform (spec-
tranalyzed grade) and spread on ultrapure water
(resistivity 18.3 MQ-cm) in a Langmuir trough.
The film was then compressed slowly while the
surface pressure was monitored by a Wilhelmy
plate and a micro-balance. The resulting pressure-
area isotherm is shown in Figure 2. All the SHG
and SFG measurements were done slightly
beyond the pressure onset point with area per
5CT molecule being roughly 28 A2

Results and Discussion

Figure 3 shows the SFGspectra of 5CT
monolayer in the CH-vibrational resonance range.
Three spectra with different input and output
polarization configurations, SSP, SPS, and PPP,
are shown. The fit to the experimental results by
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Figure 3. SFG spectra of 5CT monolayer on water in the
CH-vibrational resonance range. Circles, squares and tri-
angles are the experimental data with SSP, PPP and SPS po-
larizations, respectively. Solid, dashed, and dotted lines are
the corresponding fitting curves.

Eqg. (6) are shown in the figure and the fitting
parameters are listed in Table I. The vibrational
modes at 2875 cm™”, 2958 cm” and 2940 cm’
can be assigned, respectively to the symmetric
stretch, asymmetric stretch, and the Fermi
resonance of the terminal CH; group of the alkyl
chain. Weak features at 2850 cm™ and 2912 cm’™
can be assigned to the symmetric and asym-
metric stretch of the CH. groups of the chain,
respectively. Unlike the usual infrared absorption
spectra of the alkyl chain, in the SFG spectra CH,
peaks are much weaker than the CH; peaks. It is
because the CH. SF signals from each side of the
chain have opposite phase and thus cancel out
when the chain is straight. So the spectra implies
the alkyl chain in the 5CT monolayer is almost
straight with little Gauche defects."

Since the chains are mostly straight, we can get
the information of the chain tilt angle if the

Table 1. Fitting Parameters ¥, o, and I', of SFG
Specira of 5CT. %,'s in the CH Range are
Normalized over %,ss» of 5CT at 2875 cm’’

@, (em™) 17, (CmAl) Xyssp JXqpPP @, 5p5

2850 85 0.13%+0.04 0.12+0.02 -0.12+£0.03

2875 8.0 1 -0.26+£0.02 -0.19£0.03

2912 95 0 0 0.09+£0.04

2940 85 0.72+0.02 0 -0.07x£0.02

2058 85 0.14%£0.05 -0.99+£0.02 -0.54+0.03

2249 7.7 3.13%£0.03 -0.50+0.03 1.32+0.03
378

orientation of the terminal CH; group is known.
The orientation of the CH; group can be
determined most easily by analyzing its
symmetric stretching mode, since this mode has a
cylindrical symmetry along its axis as has been
calculated in Egs. (9). There are only two
nonvanishing independent elements in the
hyperpolarizability tensor, G and Og= Oe=r Oe.
The polar angle 8 and depolarization ratio r can
then be deduced from the %,'s shown in Table 1
according Egs. {4), {5) and (9). Using n(532 nm)=
1.337, n{2875 cm)=1.393+0.013i, n(SF)=1.343,
and assuming n'=1 for all frequencies, we obtain
0=39"+2° and r=10. However, the result is
physically unreasonable due to the large value
of r (from the bond geometry of CHs, one can
calculate the depolarization ratio cannot be larger
than 4.2). The depolarization ratio deduced from
Raman measurement is around 2.3, By setting
the refractive index of monolayer to 1.2 from the
Langmuir monolayer measurement of
hexadecanol,”” we determine for 5CT #=58°+1°
and r=2.3+04 from the theory. The deduced
value of depolarization ratio r agrees very well
with the Raman results.

The SFG spectra of 5CT in the vibrational
resonance range of cyano group are shown in
Figure 4. The peak at 2249 cm™ is due to the
stretching of the cyano triple bond. Fitting of the
spectra gives the frequency, damping constant

35+
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Figure 4. SFG spectra of 5CT monolayer on water in the
vibrational resonance range of cyanol group. Circles, squares
and triangles are the experimental data with SSP, PPP and
SPS polarizations, respectively. Solid, dashed, and dotted
lines are the corresponding fitting curves.
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and strength of this mode as shown in Table I.
Like the case of CH, symmetric stretch, the hyper-
polarizability tensor of this stretching mode also
has only two nonvanishing independen:( com-
ponents O and Q= Om:=rQ, where ¢ is the
along the triple bond direction. Following the
same procedure and using the same monolayer
index of refraction as above, we can calculate the
polar angle and depolarization ratio of the cyano
group. With n{532 nm)=1.339, n{2239 cm’)=
1.315+0.011i, n(SF)=1.342, we find that 6=50.2°
+0.9° and r=0.23+0.02.

The SHG from 5CT mainly comes from the
terphenyl ring since the delocalized electron cloud
pulled toward the cyano group makes very large
second-order nonlinearity. So SHG can be used
to selectively probe the orientation of this ring
structure. As discussed in the theory section, only
three independent J-components exist for an
azimuthally isotropic surface, which can be
determined by measuring SHG with three
different polarization combinations SP, MS and
PP. Here the two letters are for the input and
output beam polarizations, respectively, and M
denotes the beam with polarization plane
between S and P. To extract orientation infor-
mation from these ¥ components, once again
we need to have some knowledge of the
hyperpolarizability tensor. In this case, the second
harmonic field is in resonance with the electronic
transition of 5CT, which involves the shift of
electron cloud along the long axis of the
terphenyl ring €' The terphenyl ring is roughly
cylindrically symmetric about é axis. So we
assume that the hyperpolarizability tensor con-
tains two nonvanishing independent elements
and Q= 0em=r0:. From the experimentally
determined ratios Xn./X»=1.16(-0.04,+0.04) and
Kool X=0.55(-0.05,+0.05), we deduce the polar
orientation and the depolarization of the terphenyl
ring to be 6=49.3°+£0.7° and r=-0.055+0.009.
The parameters used are n(532 nm)=1.337, n
(SF)=1.381, and n'=1.2.

The chemical structure of 5CT molecule is
shown in Figure 1. According to the picture, the
polar angles 0 of the cyano group and terphenyl
ring should be equal to each other. If the alkyl
chain takes an all-trans conformation, the polar
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angle of symmetric axis of the terminal CH;
group should also take the same value, which
differs 35° from the alkyl chain tilt angle. The
measured polar angles of the cyano group and
terpheyl ring are almost the same, within the
experimental error. The polar angle of CH; group
is slightly different, by about 8°. This difference
can be due to the existence of small amount of
CH. gauche defects in the alkyl chain as can be
inferred by the small but nonvanishing CH.
stretching mode in the SFG spectra. They can
make the polar orentation of CHs; slightly
different from that of the cyano-terphenyl core.

In conclusion, we have shown that second-order
nonlinear optics, including SFG and SHG can be
used to quantitatively determine the orientation
of each chemical bonds or sub-moieties, thus com-
pletely map out the orientation and conformation
of a fairly complicated molecule at the interface.
A specific example, the 5CT Langmuir mono-
layer, is chosen as a demonstrating system, and
the orientation of all three part of the molecule,
cyano, terphenyl ring and pentyl chain have been
measured by optical second-harmonic generation
and infrared-visable sum-frequency generation. A
quantitatively consistent picture of the molecular
configuration has been obtained.
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