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Abstract

We present aspects of emerging optical activity in thin racemic 1,1’-Bi-
2-naphthol films upon irradiation with circularly polarized light and subse-
quent resonant two-photon absorption in the sample. Thorough analysis of the
sample morphology is conducted by means of (polarization-resolved) optical
microscopy and scanning electron microscopy (SEM). The influence of crystal-
lization on the nonlinear probing technique (second harmonic generation cir-
cular dichroism [SHG-CD]) is investigated. Optical activity and crystallization
are brought together by a systematic investigation in different crystallization
regimes. We find crystallization to be responsible for two counter-acting
effects, which arise for different states of crystallization. Measuring crystallized
samples offers the best signal-to-noise ratio, but it limits generation of optical
activity due to self-assembly effects. For suppression of crystallization on the
other hand, there is a clear indication that enantiomeric selective desorption is
responsible for the generation of optical activity in the sample. We reach the
current resolution limit of probing with SHG-CD, as we suppress the crystalli-
zation in the racemic sample during desorption. In addition, intensity-
dependent measurements on the induced optical activity reveal an onset
threshold (0.7 TW cm™2), above which higher order nonlinear processes
impair the generation of optical activity by desorption with CPL.
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1 | INTRODUCTION

Chirality is all around and within us—it is in our DNA
and shows itself in the arrangement of cosmic structures.
The interest in the phenomenon has always been high
for various reasons. From a fundamental scientific point
of view, for example, research has been done on the ori-
gin of life with regard to the observed homochirality,"™
or from an industrial point of view, where concepts like
chiral sensing, asymmetric synthesis, enantiomeric puri-
fication, and asymmetric catalysis are currently of
interest.”® However, there are still many aspects of the
phenomenon that despite remarkable progress are not
sufficiently understood. Subjects of on-going research
include extensively investigated topics such as parity vio-
lation or more recent concepts like chirality-induced spin
selection (CISS).'*'> Recently, we reported on the obser-
vation of the emergence of optical activity in racemic
films of 1,1’-bi-2-naphthol (BINOL) after laser desorption
with circularly polarized light (CPL).'® This observation
can be briefly summarized as follows: When a racemic
film of BINOL molecules is exposed to CPL with energies
above the desorption threshold, the anisotropy factor Ag
of the remaining film shows a clear correlation with the
handedness of the CPL used for desorption.

Although the phenomenon itself has been experimen-
tally observed unambiguously, the mechanism(s) by
which it happens are yet to be investigated. In a first
attempt to understand the processes underlying this
observation, we have previously presented a phenomeno-
logical model based on two photon absorption of ultra-
short laser pulses in the film and allowing the
enantiomers to possess different desorption rates when
desorbed by CPL. This model suggests that the origin of
the observed optical activity is the enantiomeric enrich-
ment of the remaining film as the result of the desorption
process. This in turn requires that the quantum mechani-
cal processes play a sufficiently large role in the

desorption process to allow for chiral asymmetry. One
major difficulty in confidently assigning the observed
optical activity to the enantiomeric excess in the
remaining film is due to the possibility of racemic mix-
tures to form macroscopic optically active structures.
Thus, the structural properties of the film also need to be
considered in order to account for their contribution to
the measured optical activity on the macroscopic level.

In this contribution, we address the following two
issues based on additional experimental data. By investi-
gating the crystallization state and surface roughness of
the films and their impact on the nonlinear optical
response, we attempt to determine the role of structural
effects in the samples’ observed nonlinear response and
the phenomenon of asymmetric laser desorption. By sys-
tematically studying the influence of pulse intensity of
the laser beam on the magnitude of the obtained optical
activity that is induced by laser desorption, we attempt to
better identify the optical process that leads to the emer-
gence of optical activity in initially racemic BINOL films.
Herein, we stick to the second harmonic generation
(SHG) circular dichroism (SHG-CD) as our method of
choice to probe the induced optical activity, as it pres-
ented itself as a sensitive and reliable method in our ear-
lier contribution and elsewhere.'®"°

2 | MATERIALS AND METHODS

The experimental setup is very similar to the one reported
previously.'® Herein, we present the key information for
convenience of the reader and in addition, we highlight
the specific steps that have been taken for the work pres-
ented in this contribution. The setup depicted in Figure 1
is based on an amplified Ti-sapphire laser system (CPA-
2001, Clark-MXR Inc.), which provides 150-fs pulses with
a central wavelength of 775 nm at a repetition rate of
1 kHz. Part of the output beam is used to pump a

I Laser Output 775 nm

Ti:Sa

NOPA Output 650 nm
SHG Signal 325 nm

Shutter Spectrometer + F L3

NOPA + pulse
compressor

o =]
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ND PN |1 Samplex,y,z6 |2 P1

FIGURE 1
experimental setup. The 775-nm laser output

\ Schematic of the used

(red) is converted to sub 50-fs pulses at 650 nm

(light red). A motorized quarter-waveplate

(QWP) alters the original linear polarization of
the incident laser light to circular polarized

\ B light. The second harmonic (blue) is spatially
separated from the fundamental by two prisms
and guided into the detector setup
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noncollinear optical parametric amplifier (NOPA), which
in combination with a prism compressor yields pulses
centered at 650 nm with duration t,= 50 fs and a typical
spectral with of Alpung= 77 nm (see Figure S1A). A wire-
grid polarizer (P) ensures linear polarization of the NOPA
output, while a subsequent continuously variable neutral
density filter (ND) facilitates precise control of the pulse
energy E,. After that, a motor-driven quarter-waveplate
(QWP) is used to adjust the polarization of the excitation
light to right circular polarized (RCP) or left circular
polarized (LCP). An external shutter blocks the laser
beam during the rotation of the QWP and between the
desorption steps. The excitation beam was focused on the
sample via a fused silica (FS) lens. This beam serves for
laser desorption of the molecular sample film and is used
to monitor its optical activity via SHG-CD. Two-photon
absorption (TPA) is reasonably efficient at the chosen
fundamental wavelength 650 nm, and the enantiomers
show different absorption strengths for the RCP funda-
mental, quantified by the CD (see supporting informa-
tion). The studied sample was mounted on an x-y-z
translation stage, whereas the incident angle on the
sample is set to 90°. The size of the laser spot A and the
pulse energy E, on the sample was recalculated from a
z-scan (along the beam direction). The intensity of the
excitation pulse is estimated according to I, = Ep/(A - t,,).

After passing the sample, the excitation beam at
650 nm and the new generated SHG signal are re-
collimated by a second FS lens and spatially separated by
two FS prisms. The 325 nm radiation passes two bandpass
filter systems (Schott 2UG11, 1UGS5) and is focused into
the spectrometer (MicroHR, Horiba Scientific). The weak
SHG signal is detected by a liquid nitrogen-cooled
charge-coupled device (CCD) detector (LN/CCD-1340/
400-EB1, Princeton Instruments Roper Scientific). The
optical activity of the sample is determined from the mea-
sured (spectrally integrated) SHG intensities and
expressed by the anisotropy factor:

I(t)LCP —I(t)RCP
I(t)LCP + I(t)RCP .

g(t) =2- 1)

It should be mentioned here that the initial values of I
(t = 0)*“? and I(t = 0)%® are not necessarily identical,
and thus, the initial g-value of the as-prepared samples
(go) might deviate from zero. Accordingly, the anisot-
ropy factor induced by the irradiation with CPL is
defined as Ag(t) = g(t) — go. Thus, for each measured
data point, Ag corrects for initial fluctuations of g, that
may be due to the local variation of enantiomeric distri-
bution in the sample and/or variations in the local
structure of the film, that is, the arrangement of the
molecules.

The investigated samples consist of thin molecular
films of racemic BINOL evaporated on 0.2-mm thick FS
substrates. The samples are prepared in an external
vacuum chamber equipped with an organic molecular
beam evaporator of in-house design. The typical film thick-
nesses were between 0.8 and 1.0 um. For each measure-
ment, a new spot was irradiated on the sample, such that
an originally racemic composition of the sample can be
assumed. In order to reduce the possible impact of astig-
matism or local hot-spots in the spatial beam profile, the
presented data are measured outside the beam focal plane.

Additional information and more methods like scan-
ning electron microscopy (SEM), profilometry, polariza-
tion resolved microscopy, and confocal microscopy are
highlighted in the supporting information.

3 | RESULTS AND DISCUSSION

31 |
films

Morphology of the racemic BINOL

It is well-known that BINOL aggregation is mainly driven
by intermolecular interaction, most importantly the
hydrogen bonding between hydroxyl groups.™** The
overall crystallization process of BINOL is rather complex
and an ongoing subject of research.**"*® Racemic BINOL
crystallizes in an orthorhombic structure as opposed to
enantiopure BINOL, which forms a trigonal crystal sys-
tem with at least three different possible molecular con-
formations for each enantiomer.?’ It is expected that the
morphology of the racemic BINOL film could play an
important role for the SHG efficiency and in the genera-
tion of optical activity via laser desorption with CPL. To
elucidate the structural changes of racemic BINOL dur-
ing the crystallization process, we studied 0.85 + 0.15-pm
thin racemic BINOL films in different crystallization
states and correlated these measurements with data on
the surface roughness. The thickness and corresponding
surface roughness Rg, defined as the RMS of the surface
profile, were measured with a profilometer. Additional
information on the surface profiles for different crystalli-
zation states and the retrieval of Rg is provided in the
Figure S3.

After preparation, the samples were stored ex-vacuo at
room temperature for different periods of time in order to
allow for crystallization. The optical microscopy images
presented in Figure 2A-C display the structural properties
of the films with regard to the age of the sample.
Figure 2A shows an image of a highly transparent fresh
BINOL sample. It becomes apparent that over time, the
racemic BINOL sample's opacity increases. Figure 2B was
taken 2 days after evaporation. Primary crystal nucleation
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FIGURE 2 Optical reflection microscopy images to illustrate
the crystallization behavior of racemic 1,1’-bi-2-naphthol (BINOL)
(A) 30 min after sample preparation. The dark and blurry contours
stem from the microscope work surface. (B) Two days after sample
preparation. (C) Several weeks after sample preparation.

(D) Surface roughness Rg versus sample age. Different colors
represent the different crystallization regimes. In accordance with
images B and C, scanning electron microscopy (SEM) images of
(E) a semicrystallized sample, (F) a crystallized sample. Due to
insufficient film conductivity, noncrystallized samples cannot be
retrieved via SEM (see supporting information)

has been initiated in racemic BINOL and the racemic
mixed crystal phase is evolving. Some regions appear to
have crystallized more than others, but the nucleation
regime predominates. Figure 2C depicts the crystallized
sample, after storage at room temperature for several
weeks. Our observation of increasing opacity is corrobo-
rated by an earlier study by us, where we found that,
within the first 2 months, there is no measurable absorp-
tion change in the visible range upon crystallization of
BINOL-film."> Shortly after evaporation, the sample is
highly transmissive. As the sample undergoes crystalliza-
tion, we observed increased opacity, which is attributed

to increased scattering throughout the visible spectral
range.

Our data reveal that primary nucleation of the film
initiates after 2 days. The observation agrees with an
earlier report by Kuroda et al.** on a similar system,
which showed nucleation in the film after 2 days, lead-
ing to formation of a polycrystalline phase in the sam-
ple. Systematic analysis of the surface roughness Rg
(Figure 2D) gives evidence that it correlates with the
degree of crystallization of the BINOL film. Within the
scope of this work, Rg is introduced as an easy-to-mea-
sure, accessible quantity, which allows us to track the
progress of crystallization. We defined three states of
crystallization based on the increase of Rg over time,
namely, “noncrystallized” when Rg< 30 nm,
“semicrystallized” when 30 nm <Rg< 40 nm and “crys-
tallized” for Rg 40 nm. We note that this classification
is somewhat arbitrary at this point, but will be further
motivated in the following section.

We also made an effort to take a closer look at the
racemic samples’ crystals via SEM. Figure 2E shows an
SEM image of a racemic BINOL film in semicrystallized
state, while Figure 2F shows an image of a crystallized
film. It is well known that for organic substances such as
conductive polymers, crystallization can increase the
electrical conductivity by orders of magnitude due to
increased order in the sample.”®*° As SEM imaging is
limited by surface charge effects due to non-sufficient
electrical conductivity, non-crystallized samples could
not be measured with this technique. The SEM's electron
beam leads to significant charge accumulation on poorly
conductive surfaces, hence inducing drastic imaging
aberrations or destroying the thin film in the investigated
region (see Figure S4).

However, it can be seen from the images that in
semicrystallized samples (Figure 2E), crystals in the order
of 0.2 pm in length, covering roughly 20% of the surface
have already formed, but there are still areas where the
noncrystallized BINOL dominates. Size analysis was car-
ried out by averaging the length of more than 30 crystals.
Upon crystallization, the average crystal length increases
to 0.8 pm (Figure 2F). In addition, the crystallite density
compared with the semicrystallized sample is increased
to at least 80% of the surface area. Crystals partly overlap
and homogeneously cover the surface. For crystallized
samples, it is therefore highly indicative that the vast
majority of molecules are bound in these crystals cover-
ing the surface. In this regard, the SEM images go along
very well with the light microscopy images and reveal the
underlying sample structure on the scale of the crystallite
size. Note that the classification criteria depend on the
physical property of interest; thus, there is not a strict
separation between noncrystallized, semicrystalized, and
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crystalized phase.'® In fact, properties like the surface
roughness and, as will be discussed later, the SHG efficiency
still change even when the crystallite coverage is full.

It is of great interest for our work to contemplate
whether the crystallites in a racemic BINOL sample
consist of only one type of enantiomers (homochiral) or
both (heterochiral). An et al. suggest that racemic
mixtures condense on the substrate in three different
ways: (a) a racemic compound in which both enantio-
mers are present in the same single crystal, (b) a con-
glomerate in which a single crystal contains only one
enantiomer, but the sample as a whole is racemic, and
(c) a solid solution, in which the film contains both enan-
tiomers, but there is no orderly structure.>® Because no
orderly structure can be seen in Figure 2A, we suggest
that noncrystallized racemic BINOL condenses in a solid
solution shortly after evaporation. During the crystalliza-
tion process, the regular structure in the sample greatly
increases. At room temperature, BINOL crystallizes in its
thermodynamically most stable form, a racemic
compound.**??

We performed polarization resolved microscopy that
allows us to display the local optical activity in the sample.
This linear method has lower sensitivity towards the
chiroptical response of a specimen when compared with
nonlinear techniques such as SHG-CD, yet it allows for
qualitative investigation of optical activity in BINOL.*"*
The procedure is illustrated in Figure S5, using the
example of an enantiopure BINOL sample. Here, we
compare sample images with different polarizer-analyzer
configurations allowing us to display the optical activity
of the investigated region in a single image. For R-
BINOL (a), S-BINOL (b), and racemic BINOL (c), Figure 3
shows the raw polarization-resolved microscopy images in
three different polarizer-analyzer configurations and
the retrieved images for the local optical activity.

The dark lines in Figure 3A,B suggest the outlines of
the enantiopure BINOL domains that have a 2D hexago-
nal shape, indicating the trigonal lattice system.?” Aver-
aged over 20 crystals, the crystal length was determined
to be 282 pm for R-BINOL and 228 pm for S-BINOL.
Note that for the sake of comparability of the local optical
activity in Figure 3A,B, we chose to display relatively
small R-BINOL crystals. However, it is known that R-
and S-BINOL crystals are of different sizes, due to
different impurity concentrations.'> For more details, see
Figure S6. Size analysis of >15 optically active crystalline
subdomains reveal an average size of 108 pm for R-
BINOL and 55 pm for S-BINOL. One key observation
here is that R- and S-BINOL crystals, although
enantiomerically pure, exhibit eight crystal subdomains
with opposing macroscopic optical activity. This polarity
reversal in crystallized enantiopure BINOL was just

J(A)100 um e ](B)100 MM e (C)100 UM e——
= o P <

optical activity

FIGURE 3 Polarization-resolved microscopy images on

(A) R-, (B) S- and (C) racemic 1,1’-bi-2-naphthol (BINOL) on fused
silica (FS) substrates. The analyzer is rotated by —30° (Row 1)

and +30° (Row 3) from the crossed polarizer configuration 0°
(Row 2). Row 4 displays the local optical activity of the sample,
retrieved by the algorithm explained in the supporting information.
Here, dextrorotatory (+) regions are colored red, and levorotatory
(—) regions are colored green

recently confirmed by von Weber et al. and is attributed
to macroscopic ordering of the molecules."

For racemic BINOL (Figure 3C), the crystals are diffi-
cult to resolve, but well-pronounced elongated shapes
become apparent. This observation indicates an ortho-
rhombic crystal structure already suggested by the SEM
images. Moreover, these domains mainly consist of
crystals exhibiting the same sign of optical rotation. As
shown in Figure 2F, racemic BINOL crystallizes in sub
1-um crystals, whereas the length of the optically active
domains in the racemic film can be estimated to be
18 pum. This strongly indicates that racemic BINOL, simi-
larly to enantiopure BINOL, tends to form optically
active super-domains. On the expense of the rotatory
properties of the single enantiomers, crystal assembly
appears to have a dominant effect on the chiroptical
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properties of a crystallized sample as a whole. Although
the literature suggests preferential crystallization in a
racemic compound, analysis of the polarization resolved
measurements does not allow us to unambiguously
confirm this.*® Nevertheless, this notion has great impact
on our understanding of the SHG-CD measurements.
Regardless of the probing technique, an enantiomerically
enriched crystallized BINOL sample does not necessarily
exhibit optical activity according to the predominantly
represented enantiomer in the sample. Full suppression
of the crystallinity in the sample is preferred, because the
presence of crystal nuclei tampers the measurement of
the induced anisotropy via SHG-CD.

3.2 |
films

SHG efficiency in racemic BINOL

To investigate the influence of the crystallization on the
magnitude of the nonlinear response, the racemic BINOL
samples previously prepared for the purpose of surface

roughness investigations were tested for their nonlinear
response. After inserting the sample into the setup, the
pulse intensity Ip was adjusted. The second harmonic
intensities Isyg displayed in Figure 4A,B were measured
by recording 10 SHG-spectra for RCP and LCP funda-
mental beam in alternating order and subsequent averag-
ing over the integrated intensities retrieved from these
spectra.

In Figure 4A, the measured SHG intensities Isyg have
been plotted against the fundamental pulse intensities Ip,
exemplary for a noncrystallized sample. As it can be
expected from a nonlinear process of second order, the
SHG intensity shows a quadratic dependency Isgc = C- I}
The fitting constants C are shown in the inset of
Figure 4B versus the surface roughness of the different
samples. Figure 4b reveals that for samples with very
smooth surfaces, the nonlinear response is considerably
lower than for samples of which the crystallization has
progressed further. As discussed later in this work, the
nonlinear response from the sample limits the measure-
ment of Ag due to the reduced experimental signal-
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— C = (6900 + 100) cm* TW2
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2 4
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&
o 4
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5 1(B) - - — ' ]
o~
= 20¢f ¢ 4 ‘
20 L = u /] FIGURE 4 Intensity of the second
— ¢E * / harmonic generation (SHG) signal (Ispg)
S 2 10 7 generated in 1,1'-bi-2-naphthol (BINOL) films
i o [ ) X /
« 1Br — A - B4 for different intensities of the fundamental laser
o O o | | ! A4 0 # pulse Ip. (A) Exemplary for the smoothest
5 10 L 30 60 90 v :/ * ] sample (blue point in the inset of Figure 4B), the
8 Rs [nm] _ ‘? -~ b g * measured values of Ip and the quadratic fit
I_'w } *. % /} P functions are displayed. (B) SHG intensities
j 5k ~ r * *{5‘ = A.; A measured for various Ip and for a set of BINOL
f A samples having different ages and therefore
0 \ . different surface roughness. The inset shows the
0 0.2 0.4 0.6 0.8 1 fitting constants C for the respective surface
- roughness Rg. We chose the same color coding
I, [TW cm™] o
as in Figure 2D
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to-noise ratios (SNRs). The increase of SHG signal as the
sample undergoes crystallization is expected and com-
monly utilized, for example, in second-order nonlinear
optical imaging of chiral crystals (SONICCs) as a measure
for the crystal growth in thin films over time.**>® We
note however that the values for Isyg and the fitting
constant C must be taken with extra care. Although the
second harmonic is by nature eligible to probe-adsorbed
chiral molecules on thin-film surfaces, in which inversion
symmetry is inherently broken, we expect additional
contributions to the SHG signal from spontaneously
generated crystallite interfaces within the bulk of the
film.*” This process is further complicated by the shift
between the surface and bulk contribution as the crystal-
lization in the film progresses.

3.3 | Influence of the sample
morphology on the generated optical
activity via desorption with CPL

Given the small chiroptical response that is expected
from a micron-scale molecular film, we used SHG-CD
with a chiroptical sensitivity of at least three orders of
magnitude higher than its linear counterpart.>***° By
controlling the progress of the crystallization in the
sample, it is possible to study the influence of the sample
structure on the detected optical activity. As described
above, the parameter of control is the time passed
between the preparation of the sample and the
measurement.

In this context, the initial anisotropy factor g, was sta-
tistically investigated on racemic BINOL samples with
respect to the influence of the crystallization state of the
sample during the measurement. The data were collected
from a total of more than 250 different local spots at
13 BINOL samples with various states of crystallization
(defined in accordance with Figure 2B). Figure 5A-C
depicts the histograms for the initial anisotropy factors g,
obtained from measurements on noncrystallized,
semicrystallized, and crystallized samples, respectively. A
Gaussian normal distribution was fitted to the displayed

data. For all crystallization regimes, the distributions
appear to be centered around zero, but with different full
width at half maximum (FWHM). We emphasize that the
variation of the results presented in Figure 5 is much
larger than the resolution of our SHG-CD setup, which is
typically about +0.01.

Figure 5A indicates that the FWHM is the lowest,
when the crystallization of the sample is suppressed. In
the previous section, we hinted that structural effects are
reflected in SHG-CD measurements of the anisotropy fac-
tor. The broadening in Figure 5B,C can be assigned to
the transition from an amorphous solid to a polycrystal-
line film of optically active crystals. On the scale of the
laser spot, this means that a measured anisotropy factor
does not solely originate from the enantiomeric excess of
the sample, but will also be affected by the excess of
growing optically active domains that do not necessarily
represent the enantiomeric distribution.

Practically, this means that desorbing extremely fresh
samples within a few minutes after preparation is consid-
ered to be ideal for the reliable inference of the enantio-
meric excess from the optical activity. Figure 6A-C
shows how the induced anisotropy factor Ag in the
desorbed laser spot behaves over the desorption time for
the three different crystallization states of the initially
racemic sample. The intensity of the desorption pulse
was about 0.5 TW cm™2. Our earlier study showed that
the emergence of optical activity from the racemate is
temporally confined to the first 10 min of desorption.'®
After that, the measured g-value does not significantly
change any more. This observation is reconfirmed by
Figure 6B. For semicrystallized samples, the average
achieved anisotropy factor amounts to Ag= 0.08 + 0.03.

Figure 6C shows the evolution of Ag during laser
desorption of crystallized samples. As discussed above,
crystallized samples cannot be reliably probed via SHG-
CD, because either sign of optical activity can arise dur-
ing crystallization. The data suggest that crystallization
obscures the inference of the anisotropy factor from time-
dependent SHG-CD measurements, where initial struc-
tural fluctuations in the sample have been considered in
the measurement of Ag.

FIGURE 5
on the reproducibility of the second harmonic

Influence of the crystallization

generation circular dichroism (SHG-CD)
measurement quantified by the initial
anisotropy factor gy. (A) Noncrystallized

(A) non-crystallized

(B)semi-crystallized| \(C) crystallized
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For illustrative purposes, typical RCP and LCP spec-
tra for each time step are displayed in Figure 6D-F, from
which Ag was determined by spectral integration over
the SHG signal for each time step. We note that the typi-
cal spectral width of the SHG signal was Ahsgg= 25 nm
(see Figure S1B). Here, AApuna/Arspc ~ 3.1, which is
close to the expected value of 2v/2.*' The decay of the
SHG intensities over time is observed independent of the
crystallization state of the sample. The decay indicates
successful removal of material, as the SHG response of
the sample is depending on its thickness.'®*'

For further discussion, it must be noted that for
semicrystallized (Figure 6E) and crystallized samples
(Figure 6F), the SNR suffices to reliably determine the
change in anisotropy factor over time Ag (t). Extrapolat-
ing the data from Figure 4B towards vanishing irradia-
tion intensity, the nonlinear response from a completely

noncrystallized sample is expectedly low. This is why, for
noncrystallized samples (Figure 6D), SNR approaches
1, especially after the sample has been desorbed for a
while. That is also a reasonable explanation, why the
measured induced anisotropy factor on noncrystallized
samples (Figure 6A) amounts to Ag = 0.02 + 0.07. The
large uncertainty indicates that due to low SNR, the reso-
lution limit for the measurement of the enantiomeric
excess is reached.

On a last note, we point out that, for the data points
measured on noncrystallized samples at 5 min (cyan in
Figure 6A), the SNR seems to be sufficient, to determine
the values of Ag reliably. The measured anisotropy factor
matches the sign of CD at the given wavelength.'® For
measurements with SNR < 1.3 however, the sensitivity of
the measurements is not high enough to reliably measure
the induced anisotropy factor.
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3.4 | Influence of the laser intensity on
the LD process

In this part, we present a quantitative investigation of the
influence of the pulse intensity I, on the induced
anisotropy factor Ag, on the basis of the sample structure
investigations and its influence on the nonlinear response
and the optical activity generated in the sample. To this
end, we systematically altered the intensity and calcu-
lated the values of Ag from the SHG intensities for

(B) s ©)
o
[02)
& o
o o
] n
©
o
N
¢ Two-photon Absorption
-0.2 ¢ Multiphoton Absorption
0 2 0 3 0 20

I, [TW cm™] N N

FIGURE 7 (A) Change in anisotropy factors Ag measured for
different peak intensities of the desorption pulses. The colors
represent desorption in the two-photon absorption regime (green)
and the multiphoton absorption regime (red). (B) Histogram of the
observed Ag for measurements in the green regime. (C) Histogram
of the cumulative Ag for measurements in the red regime

different circular polarizations via Equation 1, after the
sample has been irradiated with RCP light for at least
5 min.

Figure 7A depicts the induced anisotropy factor after
the desorption, plotted over the pulse intensity of
the incident light. The presented data were recorded from
Ag measurements on semicrystallized samples, because
reliable measurement of the induced anisotropy is lim-
ited to this regime. Upon an increase of Ip, two intensity
regimes materialize. Below 0.7 TW cm™2, the generated
anisotropy factor is unidirectional and reproducible in
accordance with our previous study.'® Positive values for
the anisotropy factor values emerge in the sample, as
expected from irradiation with RCP light and resonant
TPA. For completeness, we emphasize here again that
this notion strongly indicates a quantum-mechanical
contribution to the desorption process that has yet to be
understood.

Interestingly, as Ip is further increased, a decline in
the measured Ag values is recorded. Moreover, we denote
a drastic increase of the data point scattering, even
towards negative values of Ag. The threshold of the
regime change appears to be at approximately
I, # 0.7 TW cm™2, above which we observe single out-
liers with relatively high absolute values of Ag. Statistical
analysis of all data points within both regimes reveals
that in the low-intensity regime, the distribution
curve averages at Ag = 0.08 + 0.03 (Figure 7B), whereas
it amounts to Ag = 0.01 + 0.04 for Ip > I, (Figure 7C).
The latter indicates a complete breakdown of the specific
desorption for pulse intensities above Iy,. As the peak
intensity is the only control parameter of this measure-
ment, this points towards the onset of multiphoton
absorption of higher orders in the sample leading to

FIGURE 8 Typical confocal microscopy
images of the laser spots for two-photon
absorption (A) and multiphoton absorption (B).

(A) Two-photon Absorption

(B) Multiphoton Absorption

(C) Profile through the data shown in (A).
(D) Reflection light microscopy image of the
laser spot shown in (A). (E) Reflection light
microscopy image of the image of the spot in
(B). The dark region in the middle of

(E) indicates film degradation in the

multiphoton absorption regime. The film

degradation makes the height profiling with

confocal microscopy unreliable
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photo-degradation of the molecular structure. Given that
the sample is transparent at the fundamental frequency,
the lowest excitation mechanism is TPA. Thus, the exis-
tence of an upper limit for the intensity is an important
hint. It indicates that the desorption's selectivity feature
can break down for higher order absorption.

In order to gain a deeper understanding, we coupled
the intensity-dependent measurements of the induced
optical activity with confocal microscopy measurements
of the desorption spots. Figure 8A,B depicts the typical
retrieved confocal microscopy images of approximately
1-pm thin films, after they have been irradiated for more
than 60 min. The respective reflection light microscopy
images of the laser spots displayed in Figure 8A,B can be
seen in Figure 8D,E, respectively.

The phenomenological model presented in our recent
work allows both enantiomers to desorb from the surface
at different rates and bulk molecules are only allowed to
desorb after they have diffused to the surface.'® The diffu-
sion is enhanced by local heating from TPA in the bulk.
According to the model, desorption takes place in a layer-
by-layer manner. In the TPA regime, the confocal micros-
copy image (Figure 8A) and the height profile through the
laser desorbed region (Figure 8C) show that the thin film
has been partially depleted in the laser spot region, in
agreement with this model. The second harmonic is gener-
ated from the remaining material in the laser spot which
enables determination of Ag during the desorption.

The geometry of the desorption spot's crater further
supports the claim that thermal desorption is mostly
bypassed in the TPA-regime, as it is expected by irradia-
tion with ultrashort laser pulses. The spot's appearance
does not resemble the geometry of the Gaussian beam
profile, as it is commonly seen for long-pulse ablation
processes, which are dominated by thermal processes.**
Instead, we observe a relatively flat crater with only a
tiny crown at its edge area. In addition to the thermal
desorption, which can never be bypassed, the model sug-
gests that a quantum-mechanical channel in the sample
is opened up. The reflection-light microscopy image in
Figure 8D additionally supports this notion. Here, the
laser spot appears to be sharp edged and highly transmis-
sive, indicating the removal of material.

Because of the high amounts of energy deposited in
the sample during multiphoton absorption, we observe a
change in the laser spot geometry as the pulse intensity is
further increased. Typically, the laser spots show similar
geometry near the edge area, where the local energy
input is much smaller than in the center. The crucial
difference is that a defect region in the center of the laser
spot emerges, subsequently referred to as “dark spot” (see
Figure 8B,E). Guy et al. have observed that in the case of
linear absorption with UV light, photo-degradation,

including fragmentation and combustion, arise at peak
intensities as low as 0.8 TW cm™2* Especially in the
center of the Gaussian beam profile, the local energy
input per time is exceptionally high, thus making
nonlinear effects of higher order especially dominant
right in the center of the laser spot. Hence, the failure to
generate significant Ag for large values of Ip might be
caused by destruction of the molecules and loss of
chiroptical character. A second effect mentioned in their
work that also completely counteracts the generation of
optical activity is photo-switching of the enantiomers as
they undergo a dihedral angle rotation, that is, photo-
racemization. The given threshold is obviously greatly
exceeded by the fundamental pulse intensities Ip used to
irradiate the sample. We emphasize though that the lin-
ear absorption coefficient almost vanishes at the chosen
wavelength. Also, the TPA cross section in the BINOL
film is orders of magnitudes lower than the linear UV
cross section.** Therefore, the photo-degradation and
photo-racemization threshold is considerably higher than
for linear UV absorption.*

The dark spot is a highly absorptive region, and its
presence completely changes the local absorption proper-
ties of the film. The light-matter interaction in this case
is largely dominated by linear absorption in the visible
range, which means that vast amounts of thermal energy
are being deposited in the film. Supposedly, when the
dark spot is present in the film, thermal desorption in
this regime cannot reliably be bypassed anymore and
dominates the desorption dynamics as a whole. Thermal
desorption is enantiomerically unspecific as it lacks the
additional degree of freedom otherwise given by
the handedness of the light. This adequately explains the
scattering of Ag around zero in Figure 7A, when I, is
exceeded. The selective removal of material in this case
can be considered as a purely statistical process, sponta-
neously generating large values for the anisotropy factor
in the sample, but averaging approximately zero.

Looking back at Figure 7A, we can note an increased
statistical uncertainty of the data points in the
multiphoton absorption regime, which until now has not
been pointed out yet. Single data points have been
recorded by averaging >10 alternatingly measured SHG
spectra for each polarization to retrieve I*“Fand IXF. A
possible explanation for the increased uncertainty could
be that the size of the dark spot evolved over time. This
particularly affects the effective area in which the second
harmonic can be generated. When the morphology of the
dark spot changes uncontrollably during the measure-
ment, the sensitivity of the measurement becomes
unpredictable. The average resolution of the Ag measure-
ment increases upon the exceedance of I ; from +0.01 to
+0.03.
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4 | CONCLUSION AND OUTLOOK

This contribution highlights recent developments in the
understanding of laser desorption of chiral molecules
with CPL. First, we performed surface roughness mea-
surements of racemic BINOL samples in order to define
the crystallization state of the sample and coupled those
measurements to reflection microscopy and SEM. On the
basis of this classification, we conducted structural analy-
sis of racemic and enantiopure BINOL films via polariza-
tion resolved microscopy, allowing us to display optically
active domains in the sample. By systematic suppression
of the sample's crystallization, an increased reproducibil-
ity was achieved. With regard to up-scaling of the pro-
cess, a narrower distribution of g, greatly increases
reproducibility. We specifically note the drawbacks of full
crystallization regarding the quality and reliability of
inducing optical activity in racemic samples. One key
observation here is that the macroscopic optical activity
does not reflect the enantiomeric distribution in the sam-
ple when the sample is crystallized.

On the other hand, full suppression of crystallization
counteracts the sensitivity of the Ag measurement. We
find that the SHG intensity is greatly decreased for non-
crystallized samples, even going so far that the SNR
becomes insufficient for reliable retrieval of the anisot-
ropy factors. This issue may be resolved by employing
photo-detector devices with higher sensitivities that are
capable of measuring single SHG photons. All together,
we can confidently state that for the induction of optical
activity and moreover the selective separation of enantio-
mers in the film, asymmetric laser desorption must be
performed on freshly prepared thin films, before the
onset of crystallization. In this work, we weighed the
limited resolution of the measurement up by measuring
on semicrystallized films.

Moreover, pulse intensity-dependent measurements
on generation of anisotropy factor revealed a threshold
value for the onset of multiphoton absorption. Below
Iyn ® 0.7 TW cm 2, we observe a reliable induction of
optical activity in the racemic sample via resonant TPA
of CPL. This notion unambiguously reconfirms our
results presented in our earlier report.'° Above the
threshold, a near-zero average value for the induced
anisotropy factor was measured. The possible reasons for
this are manifold, yet a comprehensive study of the con-
focal microscopy images of laser spots in both regimes
showed the generation of dark spots, arising only when
the multiphoton threshold is exceeded. These defects not
only impair the measurement of the anisotropy factorbut
also alter the microscopic mechanisms of desorption.

Our investigations indicate that although crystalliza-
tion of the film does affect the reliability of the observed

anisotropy factor generated by asymmetric laser desorp-
tion, it cannot explain the clear correlation of the sign of
the observed anisotropy factor with the handedness of
the laser pulse used for desorption. This conclusion
points further in the direction of enantiomeric excess in
the remaining film to be responsible for the observed
optical activity, although it does not provide hard evi-
dence. The possibility of generating enantiomeric excess
in a racemic film by means of light provides us with a
flexible and contamination-free method for enantiomeric
enrichment of racemic films. Implementing such a
method in a cyclic approach of film-deposition and asym-
metric desorption might even allow for an enantio-
purification approach, highly demanded in the pharma-
ceutical industry.
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in the Supporting Information section at the end of this
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