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Abstract 

Well defined thin molecular films of 2,2’-dihydroxy-1,1’binaphtyl (binol) molecules at 

coverages between   and   on thin glass (BK7) substrates were 

investigated under ultra-high-vacuum (UHV) conditions. Second-Harmonic-Generation 

Optical-Rotatory-Dispersion measurements (SHG-ORD) were performed using a dedicated 

spectroscopic setup which allows for the determination of the rotation angle of the SH-signal 

of two enantiomers. Rotation angles of up to 38 degrees were measured. The chirality of the 

two enantiomers has been studied at 674 nm (337 nm resonance wavelength) in transmission 
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mode. Coverage dependent orientation evolution of binol molecular films were revealed by 

precise monitoring of the surface coverage while performing SHG-ORD experiments. We 

show that the molecules reach their final orientation at a surface coverage of . 

From the obtained experimental data the ratio of chiral and achiral susceptibility components 

could be calculated and were observed to change with coverage.  

Introduction 

Systems are chiral if their mirror image cannot be brought to coincide with themselves
1
. 

Therefore, chiral molecules exist in two forms (enantiomers), which are mirror images of 

each other. Due to its great scientific importance in biochemistry, pharmacology and 

catalysis, chirality has been a widely studied phenomenon
2
. In 1812 Jean Baptiste Biot was 

the first to observe the rotation of the polarization of linearly polarized light by chiral 

molecules
3
. This effect is called liner optical rotation. In linear optics, where the applied 

electric field is weak compared to internuclear atomic fields, measurements of the circular 

dichroism and linear optical rotation are techniques that are often used to probe chiral 

molecules in solutions or in the gas phase
4,5

. Those effects do not depend on the intensity of 

light and their origin lies in the different complex refractive indices for left- and right 

circularly polarized light. This, however, is only the case if one goes beyond the electric 

dipole approximation and magnetic contributions are included. Nonlinear effects occur, if the 

applied electric field intensities are comparable to internuclear atomic fields. Nowadays this is 

often the case when pulsed lasers are used. In this case, and in contrast to linear optics, 

nonlinear optical activity can occur within the electric dipole approximation without 

considering magnetic transitions
6
. For increasing field intensities even higher order, e.g. cubic 

or quadratic contributions, were observed
7
.  

The enantiomeric atropisomers of 2,2’-dihydroxyl-1,1’binaphtyl (binol) are widely used 
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ligands for both stoichiometric and catalytic asymmetric reactions
8
. Binol has also often been 

used as a chiral probe molecule on surfaces
9,10,

 
11,12

. Furthermore it was indeed shown that 

nonlinear effects in binol are dominated by electric dipole transitions
6
. This is typical for 

those molecules, which are composed of two identical components, spatially arranged in a 

nonmirror symmetric configuration
13

. In this publication we focus on the second order 

nonlinear process within the electric dipole approximation. This simplifies the theoretical 

description to a great extend by neglecting magnetic contributions. However, it should be 

pointed out that this assumption is not valid for all chiral molecules
14,15,16

.  

Surface Second Harmonic Generation (s-SHG) is a very powerful and sensitive tool to 

investigate thin films of adsorbates on surfaces and has been used for many years since Shen 

and co-workers presented their first experiments
17

. The high sensitivity of this nonlinear 

technique originates from its surface sensitive character when used with centro-symmetric or 

amorphous substrates
18,19,20

. 

Second Harmonic Generation Optical Rotatory Dispersion (SHG-ORD) is a nonlinear 

analogue of linear optical rotation. Linearly p-polarized fundamental light is used as an 

excitation source while the polarization of the detected SHG light is measured. The phase 

difference between p-polarized light and the polarization of the detected SHG-light is called 

rotation angle . The major advantage of this background free technique is the combination of 

the high sensitivity of s-SHG and the chiral sensitive effect of optical rotation. SHG-ORD is 

easy to implement and not constrained to resonant wavelengths
2
. Remarkably, the nonlinear 

chiral effect can be up to 6
 
orders of magnitude larger than its linear counterpart

7
. Pioneering 

work on second harmonic generation circular dichroism (SHG-CD) and SHG-ORD on 

ultrathin films at fused silica and liquid interfaces was carried out independently by the Hicks 

group and the Persoons group in the 1990s
9,10,21,22,23,24

. In recent years s-SHG has been used to 

investigate surface chirality and has been applied to biological, chemical and artificial 
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systems 
2,7,25,26

.  

To the best of our knowledge no work has been reported on well-characterized thin molecular 

films of chiral molecules under UHV conditions by nonlinear techniques. In particular, 

coverage dependent nonlinear chiral response has not been investigated or observed. In the 

following we show that monitoring coverage, however, is crucial to obtain definite SHG-

ORD results for such film thicknesses.  

Chiral molecular films on solid surfaces are of potential interest for several applications. 

When depositing small metal clusters onto such surfaces it is assumed that the chirality is 

transmitted to the clusters as it is the case for ligand protected cluster
27,28,29

. This combination 

of deposited metal clusters or nanoparticles with chiral molecules might however be crucial 

for triggering, for example heterogeneous enatioselective catalysis under stable and well-

defined conditions. Also, for the design of nonlinear chiroptical devices a deep insight into the 

link between the molecular origin of chiral effects, given by the molecular hyperbolarizability 

, and the macroscopic behaviour of these materials is of great scientific interest. 

In this work we employ a setup, which allows for the preparation of well-characterized 

molecular thin films and the nonlinear spectroscopic characterisation of chiral materials on 

transparent insulating substrates under UHV conditions. We show that coverage dependent 

measurements are crucial in order to understand their chiroptical response. We furthermore 

show that for binol in-plane isotropy is valid for the investigated sample and the molecules 

change their orientation with coverage. We finally calculate the ratio of chiral to achiral 

tensor components for different coverages.    

Theoretical Aspects 

Within the electric dipole approximation, the second harmonic response of an insulator is 

given by the nonlinear polarization   
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Equation 1 

Here, is the permittivity of vacuum,  is the frequency of the applied electric field, and  

are the components of the second order susceptibility tensor.  is a third rank tensor and 

contains  elements. From this formula, it follows that SHG can only be 

generated at regions without inversion symmetry, such as nonlinear crystals or surfaces and 

interfaces
17

. SHG is therefore a surface sensitive technique and is often used to probe 

adsorbed molecules on surfaces.  In the following we use the experimental coordinate system 

shown in Figure 1. Here, p-polarized light is defined as the polarization in the xz-plane, and 

consequently s-polarized light is the polarization normal to the xz-plane. The interface normal 

is parallel to the z-axis. In this coordinate system the number of tensor components can 

significantly be reduced by symmetry considerations. 

For a chiral rotationally isotropic surface (  symmetry) only 11 components of  are 

nonzero. However, as not all of these components are independent, the number can be 

reduced to only 4 independent nonzero components
2
, given by: , , 

, . For an achiral 

(racemic) surface, reflection is an additional symmetry operation. This causes the elimination 

of , and only 3 tensor components remain. ,  and  are nonzero for all isotropic 

surfaces and are therefore referred to as achiral tensor components. is only nonzero for 

chiral surfaces, and is therefore referred to as the chiral tensor component. The appearance of 

nonlinear chiroptical effects (such as SHG-ORD) is consequently connected to this tensor 

component. As shown in the following the second harmonic field  can be written in 

terms of s- and p- polarized components of the fundamental field 
14

: 
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Equation 2 

Where i is the s- or p- component of the induced electric field . f, g and h can be 

considered as susceptibility components in the p-s basis that also include Fresnel factors. For 

a chiral isotropic surface within the electric dipole approximation and taking linear refractive 

indices to be unity, coefficients f,g and h can be related to the susceptibility components in the 

xyz coordinate system via
14

:  

 

 

 

 

 

 

Equation 3 

For p-polarized fundamental light the rotation angle  can be expressed by the ratio of  and 

 and is given by:  

 

Equation 4 

 reverses sign between two enantiomers because it includes the chiral component , 

whereas  does not change sign between enantiomers because it includes only achiral tensor 

components . As a consequence, the rotation angle  changes sign when 
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interchanging the two different enantiomers of a chiral molecule. The magnitude of the SHG-

ORD effect obviously depends on the ratio between the components  and . It can be seen, 

that the rotation angle is limited to  and that for   no rotation occurs. The 

rotation angle  will be large when  (given by ) is large compared to . It can also be 

seen that the rotation angle  will decrease for increasing incident angle. The SHG signal of 

the film on the surface, however, depends on the incident angle
19

: . For a good 

signal to noise ratio of the rotation angle one must therefore balance the SHG signal intensity 

versus the magnitude of the rotation angle .  , however is a macroscopic quantity and 

depends on the spatial arrangement of the molecular hyperpolarizabilities . For non-

interacting molecules (local field correction are neglected) can be expressed as
30

: 

 

Equation 5 

where  is the number density of surface molecules and  represents the projection of the 

lab frame coordinate  onto the molecular coordinate . The brackets  represent an 

average over all orientations of the surface molecules. In order to determine , ,  one 

needs to know both, the nonlinear susceptibility tensor  and the nonlinear 

hyperpolarizability . While  is often easy to measure by s-SHG,  is usually 

difficult to obtain. Therefore, it is very challenging to determine the average orientation of the 

molecules on the surface
9,6,31

. According to Equation 5 the macroscopic nonlinear 

susceptibility  is related to the molecular hyperpolarizability  and the average 

orientation of the molecules in the system. Therefore, the macroscopic susceptibility tensor 

 changes with any changes in the orientation distributions of the molecules.  
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In the presented work, two different geometric alignments and accordingly transmission 

modes were used (A: substrate/molecule and B: molecule/substrate). In order to understand 

the behaviour of the SHG-ORD effect and the sign of the rotation angle, a deeper look into 

the properties of the nonlinear susceptibility  for different orientations in respect to the 

propagating electric field (two transmission modes) is useful. It can be shown that inverting 

the molecules by a  rotation around the x-axis (this is similar to switching from 

transmission mode A to transmission mode B), the achiral tensor elements , ,  change 

signs, while the chiral tensor element  does not
10

. Interchanging enantiomers however, only 

affects the chiral tensor element and changes its sign ( ). Hence it is important to 

note, that in an SHG-ORD experiment the rotation angle  changes sign, whenever the 

chirality or the used transmission modus changes. This is always true for samples with in-

plane isotropy, independent of the orientation of the molecules. 

 

Experimental Setup 

The core components of the experimental setup are described elsewhere in detail
32,33

. A brief 

description containing the chiral-sensitive upgrade of the experimental setup is given in the 

following. The experimental setup is shown in Figure 2. It consists of four different parts; a 

picosecond laser system, a UHV-analysis chamber, an HV-transfer- and evaporation chamber, 

and a detection unit. An optical parametric generator (Ekspla PG401-SH) is pumped by the 

third harmonic of a picosecond Nd:YAG laser (Ekspla PL2251A, 20Hz) and is used as a 

pulsed, tuneable laser source. It emits photons in the range of 210 nm to 2.3 µm with pulse 

duration of about 30 ps and energies between 0.2 and 1.2 mJ/pulse at a repetition rate of 20 

Hz. The fundamental laser beam passes through an SHG filter (Schott GG 435) and is focused 

by a lens onto a 0.8 mm
2
 spot on the sample, where the second harmonic frequency is 

generated. Commercially available BK7 glass slabs (VWR 130 µm thick) were used as 
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substrates for the growth of chiral molecular thin films. The substrates were cleaned with 

spectroscopic grade acetone before insertion into the analysis chamber and subsequently 

sputtered by an argon ion sputter gun for further cleaning. During the sputtering process the 

samples were neutralized by thermal electrons of a hot filament in order to avoid charging
34

. 

The transfer-chamber allows for the evaporation of molecules on to the substrate as well as 

for changing substrates whilst maintaining UHV-conditions in the analysis chamber. A 

quartz-micro-balance (Inficon SL-A1E40) allows for the determination of the coverage using 

Sauerbrey’s equation. After transfer into the UHV-chamber (pressure is ca.  mbar) 

the sample is mounted on to a moveable x,y,z manipulator and can be rotated by 360°. The 

sample holder is cooled by liquid nitrogen temperature (77K), which allows for measurements 

at constant temperature. This proved to be crucial for oppressing self-assembling effects. At 

room temperature crystallization of binol molecular films was observed and investigated by 

means of SHG microscopy
35

. 

Both, SHG signal and the fundamental laser beam pass through a fresnel rhomb (B. Halle 214 

- 450 nm) and a polarizer (Glan-Taylor Prism) before being spatially separated by two 

rotatable Pellin-Broca prisms. In order to suppress the residual fundamental light, further 

wavelength selection is performed with a monochromator (LOT-Oriel, Omni-λ 300). The 

remaining SHG photons are detected by a photomultiplier tube (Hamamatsu, H9305-03) and 

recorded by a 4-channel oscilloscope (LeCroy, Waverunner 6051). The fresnel rhomb can be 

rotated by a stepper motor (Newport AG-PR100P) from 0 to 340 degrees. A homemade 

LabView program allows for fully automated ORD-SHG measurements, as well as for fully 

automated SHG-wavelength scans. The Pellin-Broca prisms, the monochromator and the laser 

are all synchronized. The ORD-SHG measurements are performed by rotating the fresnel 

rhomb from 0 to 340 degrees whilst recording the intensity of the SHG signal. This rotation of 

the Fresnel rhomb causes the polarization of the incoming SHG signal to rotate from 0 to 680 
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degrees. The polarizer splits the SHG light into p- and s-polarized light, and only p-polarized 

light is passed. For measuring an ORD-SHG spectrum 50 to 100 pulses are recorded and 

averaged at each angle in order to reduce noise. The angle between p-polarized light and the 

emitted SHG light (rotation angle ) can then be determined by analysing the resulting 

intensity curve. 

Results 

In Figure 3 an SHG-spectrum of binol molecules evaporated on to BK7 glass is shown
36

. No 

shift of the investigated resonance (337 nm) was observed for different coverages. All of the 

following SHG-ORD measurements were performed at a resonance wavelength of 337 nm 

(674 nm fundamental wavelength). As a first measurement the SHG signal from the bare BK7 

substrate as a function of the incident angle is recorded at 674 nm fundamental wavelength as  

shown in Figure 4. Therefore, interference of the SHG signal from front- and backside of the 

substrate occurs and can be observed (for details refer to reference
36

). Incident angles of 

destructive interference slightly shift for different substrates due to slight differences in 

thickness at different positions on the substrate. For simplicity a polarization scan of the SHG 

signal of the pure substrate is taken at an angle of constructive interference to define the 0° 

polarization angle (p-polarization) of the SHG light (there is no SHG-ORD effect of BK7). 

Note, that racemic binol showed, as expected, the same results. Afterwards, the substrate is 

taken into the transfer chamber where enantiomerically pure binol is evaporated onto its 

cooled surface. After evaporation the substrate is transferred back into the UHV chamber and 

an additional incident angle dependent measurement is performed.  

Two points should be mentioned here. First, since only the orthogonal part of the oscillation 

with respect to the substrate surface is SHG active and the parallel oscillation remains SHG 

inactive there is no signal at normal incidence. The absence of SHG signal at normal 
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incidence indicates that there are no measurable contributions from the bulk, both for the 

substrate and for the molecular film
36

. Second, the incident angle scan of the sample with the 

evaporated molecules additionally shows the interference pattern from the pure substrate. 

Consequently great care must be taken to measure polarization scans at angles of destructive 

interference of the bare substrate in order to supress any residual SHG light from the pure 

substrate. We conclude, that at cooled UHV conditions no electric dipole moment orthogonal 

to the surface is probed, thus molecules don’t contribute to the SHG signal. At ambient 

conditions and room temperature however, molecules form crystal-like structures which lead 

to a distinct SHG signal at 0 degree
35

.  

The following incident angle dependent measurements were performed at incident angles of 

destructive interference. First, both enantiomers were evaporated and polarization scans were 

performed at different incident angles consecutively. The results for incident angles of ca. 35 

degree are depicted in Figure 5. It can be seen, that the phase shift (ca. 33 degrees) is 

symmetric for both enantiomers, which is a strong indication of randomly oriented molecules 

on the surface (with in plane isotropy). All results are stable over time and do not appear to be 

influenced by the laser; neither photobleaching nor photodegradation could be observed. The 

measured data were fitted with a sine function and the difference in phase to p-polarized light 

gives the polarization angle . Best results were obtained by rotating the fresnel rhomb over 

340°, as shown in Figure 5. Reproducing the results led to an error of rotation angle of less 

than 2°. The phase difference between the R- and S- enantiomers shows values of up to 75° at 

674 nm.  

In Figure 6 polarization scans of evaporated R-binol films at different incident angles are 

shown. Two effects can be observed for increasing incident angles. First, the overall SHG 

intensity increases. This is due to the incident angle dependency of the SHG signal.  Second, 

the phase difference between the p-polarized reference signal and the measured SHG signal of 
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the molecules (rotation angle ) decreases.  The rotation angle for different incident angles 

and both enantiomers are presented in Figure 7 (for transmission mode A). The high quality 

of the measurements is confirmed by the completely symmetric appearance of the rotation 

angles for the two enantiomers. Both results are in perfect agreement with theory (Equation 

4). Interchanging the enantiomers leads to a change of sign of the chiral tensor component  

and henceforth to a change of sign of rotation angle .  

Additionally, coverage dependent SHG-ORD measurements were performed for both 

transmission modes mentioned earlier. The results for S-binol are shown in Figure 8 and 

Figure 9. The rotation angle varies significantly with the coverage. It increases up to coverage 

of approximately  and then remains constant. Taking the amplitude of every 

fit leads to Figure 9. The intensity increases linearly with coverage. Even at the highest 

coverage, no signal was observed at an incident angle of 0 degree. Thus we conclude that all 

molecules contribute to the SHG signal but are randomly oriented with in-plane isotropy.  

Taking the rotation angle for different incident angles and different coverages, one can 

estimate the ratio of chiral to achiral tensor components using equation 4. The calculated data 

are plotted in Figure 11. It can clearly be seen, that the ratio increases with coverage and 

remains constant at certain coverage of . The reason for this behaviour can 

presumably be attributed to small changes in molecular orientation with increasing surface 

coverage. For an SHG signal three conditions must be fulfilled on a molecular level within the 

electric dipole approximation. First, the energy of the excitation source must be close to the 

electric dipole transition moment of the molecules. Second, the polarization of the excitation 

source must match the orientation of the electric dipole transition moment. And third, 

inversion symmetry must be broken for this transition dipole moment. 

Note, that due to the sample preparation the molecules might adsorb quite strongly (in a 
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covalent fashion), which hinders mobility. The first layer of binol molecules is probably 

oriented with the hydroxyl group towards the polar surface of the amorphous BK7 substrate. 

In this case the electron dipole moment for the transition at 674 nm (337 nm) is mainly 

oriented in the x-y direction, parallel to the surface
6
. Therefore no signal can be observed for 

this transition since the inversion symmetry is not broken due to the symmetric overall 

potential. For incident angles unequal to zero however no transition moment perpendicular to 

the surface can be probed. In conclusion, no signal can be observed for a small coverage up to 

approximately . Assuming binol molecules of the first layer to have a size 

(projection of the molecules profile onto the surface) of ca. 0,5 nm
2
 this film thickness 

corresponds to ca. 10 monolayers. This is however a raw estimation and strongly depends on 

the orientation of the molecules.
 

 

For a higher coverage, however molecules orientation slightly change and the transition 

moment at 337 nm can be probed for incident angles unequal to zero. The aforementioned 

ordered structure for the first layer(s) vanishes with increasing coverage (see Figure 10). 

Note, that there is always a higher ordered structure towards the surface and a less ordered 

structure in z-direction for each molecule. Therefore, the molecules are embedded in an 

anharmonic asymmetric potential in z-direction, which is a crucial condition for the 

generation of second harmonic light. The orientation changes by coverage, which leads to an 

increase of the rotation angle of the SHG-ORD signal until saturation. Because no signal is 

observed at incident angles of zero degrees, even at highest coverage, in-plane isotropy is still 

present and there is no bulk contribution to the signal. Based on these results we conclude that 

the molecules reach their final orientation at a coverage above . The 

calculated ratio of  to  is 0,035 for this coverage. 

Conclusion and Outlook 
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In this paper the chirality of well-defined molecular films of 2,2’-dihydroxyl-1,1’binaphtyl 

molecules was investigated by means of the SHG-ORD effect. We used a spectroscopic setup, 

which allows for the investigation of supported chiral adsorbates on transparent surfaces 

under UHV condition. Differences in the polarization of up to 75° were measured for 

different enantiomers and showed the high chiral sensitivity of this nonlinear technique. The 

investigated molecules are stable and don’t show any self-assembling effects under these 

conditions. Also, no photo-bleaching or photo-degradation effects could be observed. The 

shown data strongly confirm the in-plane isotropy for the investigated system of these 

molecules, and thus support the validity of the chosen theoretical description. The rotation 

angle changes dramatically with coverage until saturation. We conclude that this is due to 

orientational effects, thus the origin of this effect lies in the different orientations of the 

molecules’ hyperpolarizability  for different coverages. We show, that coverage 

dependent measurements are crucial in order to understand the chiroptical response of 

molecular films. The data indicate that the molecules reach their final orientation at ca. 

. The ratio of chiral to achiral tensor components could be calculated and 

showed to change with coverage. These are important results for all further measurements of 

chiral molecular films under similar conditions. In recent years metal nanoparticles, protected 

by chiral and achiral ligands gained much interest and showed chirality. They posses 

promising physical and chemical properties in the field of nanotechnology and 

catalysis
37,38,29,39

, however all these measurements were done in solutions. We hope that our 

results will encourage further investigations of supported chiral molecules, especially in 

combination with metal clusters or nanoparticles under UHV conditions. This might allow the 

preparation of chiral metal nanoparticles or clusters on surfaces, which would be a great step 

in the promising field of heterogeneous enantioselective catalysis.  
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Figure 1: Coordinate system. Here only transmission mode (A) is shown, and the molecules 

are assumed to be oriented with their hydroxyl groups towards the surface.  
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Figure 2: Schematic view of the spectroscopic setup. The beam paths for the fundamental 

light (red), as well as for the s-SHG light (blue) are depicted. 

 

 

 

 

Figure 3: SHG spectrum of evaporated binol molecules on BK7 
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Figure 4: Incident angle measurement for both: pure BK7 substrate (black) and BK7 with 

deposited binol molecules (red). No signal was measured at normal incidence.  

 

 

Figure 5:  R-binol (Red) and S-binol (blue) polarization scan and sine-fit. The reference 

signal is given by the BK7 substrate (black) and thus defines p-polarized light (see text). 
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Figure 6: Polarization scans of R-binol for transmission mode A for different incident angles 

(see text). The black graph originates from the bare BK7-substrate. 

 

Figure 7: Rotation angle for transmission mode A at different incident angles (see text).  
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Figure 8: Rotation angle of S-binol as a function of coverage for different incident angles at 

674 nm. Transmission mode B (positive values) as well as transmission mode A (negative 

values) are shown. A clear increase of the rotation angle as well as a saturation at ca. 

 can be observed.  

 

Figure 9: Signal’s intensity vs. coverage for different incident angles.  
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Figure 10: 2-dimensional sketch of the proposed layer model. The dipole moments are 

oriented parallel to the surface for the first layers. The ordered structure vanishes with 

increasing coverage.  

 

Figure 11: Calculated ratio of achiral to chiral tensor components. 
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