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A sum-frequency imaging system is used to investigate optical activity in a sol-gel material doped

with the chiral molecule binaphthol. We show that this material can be optically structured to

embed information that can be retrieved by sum-frequency. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4772001]

It is often stated that materials can only produce a coher-

ent second-order nonlinear optical response when they are

non-centrosymmetric on a macroscopic scale. Although

most liquids, amorphous materials, sol-gels, and polymers

are centrosymmetric, Shen and co-workers1,2 have recently

demonstrated that second-order effects can be generated in

liquid media when they exhibit optical activity. Meanwhile,

polymers or sol-gels doped with optically active molecules

have been intensively studied in the last decade in the search

for superior materials for optical storage systems. In the race

to achieve a high capacity storage device, polymethyl meth-

acrylate (PMMA) based holographic materials of high opti-

cal quality and mechanical stability have been used to

demonstrate the recording of images in large volumes.3 But

in order to overcome the limitations in the fabrication rate of

such holographic devices, many original recording schemes

have been proposed. In this respect, recording techniques

based on molecular photochromes have been proposed by

different research groups.4,5 In this work, we have induced

chirality in a sol-gel material by doping it with the chiral

binaphthol (BN) molecule. We have used sum-frequency

generation (SFG) microscopy to locally monitor the evolu-

tion of the trapped population of its R enantiomer. In the

course of this study, we have devised a simple optical re-

cording device based on irreversible changes in the material

during irradiation.

The quadratic optical phenomenon of SFG originates in

the first hyperpolarizability bxyzð�xs; x2;x1Þ of the chromo-

phore, where x, y, and z stand for molecular axes and where

xs ¼ x2 þ x1. Notice that here we assume that we can work

in the electric dipole approximation. For an enantiomeric

population of chiral molecules in solution, one defines an

orientationally averaged hyperpolarizability

hbi ¼ ½bxyz � byxz þ byzx � bzyx þ bzxy � bxzy�=6; (1)

which would be vanishing by Kleinman symmetry if it was

not for resonance effects: at least one of the three frequencies

x1; x2, or xs has to fall within an absorption band of the

chromophore. Assuming that this is only the case for xs, the

general microscopic expression for bxyzð�xs; x2;x1Þ leads

to

hbi ¼ e3

6�h2�0

X

n;m

x1 � x2

xs � xng þ icng

~lgn � ð~lnm �~lmgÞ
ðx1 � xmgÞðx2 � xmgÞ

;

(2)

where g, n, and m denote the ground and two excited elec-

tronic states, respectively.1 Energy differences between

states i and j are written xij, while cij and ~lij stand for the

corresponding homogeneous width and transition dipole

moment. Notice that hbi changes sign upon mirror symmetry

because of the scalar triple product between the ~l vectors

which reflects the chiral nature of the response.

When two transverse electric input fields ~E1ð~rÞ and
~E2ð~rÞ propagate through the chiral medium as plane waves

of frequencies x1 and x2, the source of the SFG signal is the

induced polarization

~P
SFGð~rÞ ¼ vð2Þð�xs; x2;x1Þ½~E1ð~rÞ � ~E2ð~rÞ�; (3)

where vð2Þ is the only independent component of the quad-

ratic optical susceptibility tensor. Thus, if both optical fields

were to propagate collinearly, they could only give rise to a

longitudinal polarization which cannot be the source of a

propagating sum-frequency field. However, if the incoming

fields propagate along two distinct directions and are polar-

ized in their common plane of incidence (PP), they will pro-

duce a transverse polarization (S) in the volume where they

intersect.7

Thus, from an experimental point of view, one can work

in the so called wave-mixing geometry and we have been

able to use our two-photon microscopy setup as described in

our previous work.6 It is similar to the one described by

Shen and co-workers2 and is schematically shown in Fig. 1.

Laser pulses of 80 fs duration are delivered at 80 MHz repeti-

tion rate by a Ti:sapphire at 900 nm. The laser beam is sepa-

rated into two parts, one generating the pump beam at

450 nm by second harmonic generation in a 1 mm thick beta

barium borate (BBO) crystal. These two beams are colli-

mated and directed into a modified commercial microscope

(Olympus IX71) with a center-to-center parallel displace-

ment of 5 mm. They are focused on the sample through a

microscope objective (Olympus PlanApo, 60�, 1.42 NA, oil

immersion). The SFG output from the sample is collected in

the forward direction by a CaF2 UV objective (LMU 40�
UVB). For spectral analysis of the sum-frequency output, aa)Electronic address: kdorkeno@ipcms.unistra.fr.
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spectrograph (Acton Research, SP2300) is used. The two

dimensional imaging scans are performed by a motorized

XYZ sample stage (Marzhauser Scan IM) combined with a

photomultiplier (H7467-03).

The sol-gel was prepared using tetraethoxysilane

(TEOS) in solution in n-butanol with a molar concentration

of 3 mol l�1. N-butanol was chosen due to its good ability to

dissolve binaphthol. TEOS was hydrolysed using a 0.01 M

HNO3 water solution. The ratio of TEOS to water was about

4. 60 mg of binaphthol was dissolved in 1 ml of sol-gel prep-

aration. 5 ll of this solution was deposited on a glass

substrate, covered with a glass plate, and left to dry slowly.

Solvents progressively diffuse towards the edges of the glass

plate to vaporize and gelation occurs. A glassy composite is

obtained. A strong Si-O-Si network appears due to condensa-

tion between hydroxy silane produced during the hydrolysis

process (water addition). A micro porous network appears

with the first silica condensations and evolves gradually as

the condensation reactions progress. These further reactions

lead also to a shrinkage of the network leading chiefly to a

thinning of the film without affecting its optical quality.

In our experiments, we have used two combinations of

output/input polarizations. The two incident beams x2 and x1

(450 nm and 900 nm) are P-polarized, while a motorized polar-

izer selects either the S- or the P-polarization of the output xs

(300 nm) thus switching between the SPP and PPP modes. In

order to test our setup, we have chosen to work first with a

sample similar to the one described by Ji et al.2 Thus, a drop

of tetrahydrofuran (THF) solution of BN (130 g/l) was sand-

wiched between two fused silica plates. The UV absorption

spectrum of this solution is shown in Fig. 2(a). The signal

detected by the CCD is shown in Fig. 2(b), where the blue

curve corresponds to the PPP configuration, while the red one

corresponds to the SPP configuration. The sum frequency sig-

nal is observed at 300 nm, within the BN absorption band, and

is only detected in the SPP configuration. The linear depend-

ence of the signal on the intensity of each of the incoming

beams has been verified as Fig. 2(c) shows for the 450 nm

beam. This result proves that no other effect such as four-wave

mixing (FWM) or coherent anti-stokes Raman scattering

(CARS)8 contribute to the signal.

Our setup being thus validated, we proceeded to work on

sol-gel samples prepared as describe above, BN doped at 60 g/

l, and dried for a week. Working with 30 mW at 900 nm and

with 1.3 mW at 450 nm, the spectrum of the signal is identical

to one of the liquid samples, but its intensity decreases during

illumination. In order to quantify this decrease, we have irradi-

ated successive 50� 50 lm zones (using the motorized XYZ

sample stage) for exposure times from 0 to 50 ms. These

zones have subsequently been scanned again for SFG signal

during 20 ms for each pixel. Fig. 2(d) represents the total SFG

FIG. 2. (a) UV absorption spectrum

of 0:45 mol l�1 of BN in THF, (b) SFG

signal is observed only for the SPP

polarization configuration, (c) SFG in-

tensity versus input power of the beam

at 450 nm, (d) SHG intensity loss as a

function of exposure time.

FIG. 1. Setup arrangement for SFG, SHG, TPA detection: PM1 and PM2 are

photomultipliers, Obj1 and Obj2 microscope objectives, S is the sample posi-

tion, CC the cooled CCD camera, C is the alignment camera, Spec. is the

spectrometer.
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intensity recorded in this way: less than 50 ms of exposure

time is needed to erase the optical activity. In addition to the

SFG process, the chromophores may also be promoted to an

excited state through two-photon absorption processes. These

excitation processes will eventually lead to the bleaching of

chromophores and are, therefore, responsible for the drop in

SFG signal during irradiation. Notice that these phenomena

are not detected when working with liquid samples as diffu-

sion processes continuously renew the chromophores in the

excitation volume.

However, the above procedure makes it possible to cali-

brate operating intensities and sample characteristics in order

to demonstrate the possibility of image inscription and re-

trieval as shown in Fig. 3. Starting from a pattern as shown

in Fig. 3(a) and bleaching each pixel belonging to a black

area, we can subsequently read out the picture again through

SFG as shown in Fig. 3(b). Fig. 3(c) shows another such

readout, while Fig. 3(d) corresponds to the usual microscopy

picture of the same area taken in white light and showing no

trace of induced changes in the sample.

Since photobleaching of the chiral chomophores is at

the origin of the loss in the SFG intensity, we may exploit

this process in order to achieve controlled modulation of sig-

nal levels. To this end, we may code gray levels by varying

the exposure time. In Fig. 4, we show the results of this pro-

cedure when encoding the image of an airy disk into the

doped sol-gel sample.

The resulting images obtained in the SPP and PPP polar-

ization configurations are shown, respectively, in Figs. 4(a)

and 4(b). Only the SPP configuration displays the inscribed

pattern. Fig. 4(c) shows the intensity profile along the zone

delimited by two straight lines in Figs. 4(a) and 4(b).

In conclusion, we have extended the proposal of Shen to

perform SFG imaging in chiral media from liquid samples

containing neutral beads to solid samples embedded with

chiral chromophores. In this way, we have shown that SFG

experiments in the visible range reveal transient phenomena

in BN molecules when they are immobilized in a transparent

network. Some form of irreversible bleaching is induced by

the two-photon absorption processes allowed by the pump

beams. Because of this, we have been able to demonstrate

the possibility of SFG imaging in a sol-gel environment.
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FIG. 3. (a) Pattern, (b) and (c) SFG chiral images, (d) optical microscope

image.
FIG. 4. SFG images of an airy disk (a) in SPP configuration, (b) in PPP con-

figuration, (c) profiles of signal levels along the zone delimited in (a) and

(b).
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