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Abstract: We present a novel approach to second harmonic microscopy combining variable tempera-
ture and photon counting. This innovative method aims to generate Second Harmonic Generation
(SHG) images by scanning the same area multiple times with short pixel dwell times and low
excitation intensities, as illustrated by imaging the full extent of a single crystalline rod of (1,4-bis((4′-
(iodoethynyl)phenyl) ethynyl) bicyclo[2.2.2]octane (BCO). Remarkably, this new technique records
the change in SHG intensity that occurs along with the crystalline phase transition at 108 K, thereby
showing great promise in exploring the intricate instabilities of rotator dynamics concealed within
the phase diagrams of molecular machines. Notably, our findings reveal a sustained decrease in
non-linear optical intensity as the temperature drops to 95 K, followed by a sharp increase in SHG
intensity at approximately 108 K, in synchronicity with the phase transition reported earlier that
involves an intricate set of concerted changes in rotor dynamics.

Keywords: second harmonic generation; non-linear microscopy; solid–solid phase transition;
molecular rotors

1. Introduction

In the exciting field of molecular machines, amphidynamic crystals [1,2] have been
the subject of much study since the award of the Nobel Prize in Chemistry in 2016 [3,4].
The exploration of the energy of activation, amplitude of motion, and frequency associated
with dynamic processes within the crystal lattice can be achieved with several methods
over a wider spectrum of frequencies, including dielectric spectroscopy [5], single crystal
X-ray diffraction and solid-state nuclear magnetic resonance (NMR) techniques, as well as
T1 spin—lattice relaxation [6].

In the optical field, the use of intense laser pulses reveals non-linear effects such
as second harmonic generation. This non-linear response is a popular tool for testing
crystal symmetry. Typically, centrosymmetrical materials do not show an SHG response.
Zyss et al. [7] showed in the 90s that multipolar media can, nevertheless, generate SHG
signals. Few years ago, we reported that centrosymmetric crystals formed by the rod-like
molecule bis((4-(4-pyridyl)ethynyl)bicyclo[2.2.2]oct-1-yl)buta-1,3-diyne, (1, depicted in
Figure 1a), containing two 1,4-bis(ethynyl)bicyclo[2.2.2]octane (BCO) chiral rotators linked
by a diyne fragment, exhibited strong second harmonic generation (SHG) activity [8],
despite the absence of a mandatory requirement for space-inversion symmetry in this
non-linear optical process [9]. This unique behavior arises from the torsional intercon-
version of the three blades, referred to as conformational mutations (Figure 1b). These
mutations disrupt space-inversion symmetry, creating sequences of mutamers in a dynamic
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equilibrium within domains at a mesoscopic scale comparable to the wavelength of light
used [8].

The phase transition of amphidynamic crystals with temperature has been experi-
mentally characterized using various methods like Raman Spectroscopy [10]. For some
materials like ferroelectrics, the reflected SHG technique, possibly coupled with Brillouin
Scattering [11], can be used to study the dynamics in the phase transition [12]. Recently,
a phase transition near 300 K on molecular rotators was demonstrated using huge SHG
signal in bulk materials [13]. The phase transition can generate symmetry changes such
that the material becomes an SHG switch, with complete signal extinction [14,15].

Some optical coherence imaging methods provide informative tomography or mi-
croscopic images with respect to the temperature fluctuations of materials with a good
resolution factor [16]. In parallel, the SHG microscopy technique, based on the high-speed
laser scanning of a sample to obtain a transmission or reflection image, has been widely
used to characterize biological media without labeling [17]. However, this technique is
also an elegant way of mapping the non-linear properties of materials, as a function of
temperature or polarization [18].

In this study, we aimed to leverage the distinctive property of conformational muta-
tions of BCO to investigate the non-linear optical response concerning temperature in a
single crystal of (1,4-Bis((4′-(iodoethynyl)phenyl) ethynyl)bicyclo[2,2,2]octane (2, depicted
in Figure 1c), a rod-like molecule with BCO moving parts. Prior knowledge indicate that
below a phase transition at 108 K, X-ray and solid-state nuclear magnetic resonance data,
along with calculations of rotational barriers, unveil a change in surroundings and dynam-
ics among the four contributing rotors affecting the 1H spin–lattice relaxation rates [19]
(see Figure 1d).

Figure 1. (a) Molecular unit of bis((4-(4-pyridyl)ethynyl)bicyclo[2.2.2]oct-1-yl)buta-1,3-diyne (1);
(b) chiral rotators 1,4-bis(ethynyl)bicyclo[2.2.2]octane (BCO). The origin of the second harmonic
generation response in every mesoscopic collection of mutating chiral BCO rotators investigated so
far lies in the dynamic equilibrium between these two conformations that breaks space-inversion
symmetry [8], (c) Molecular unit of 1,4-bis((4′-(iodoethynyl)phenyl) ethynyl) bicyclo[2.2.2]octane (2).
(d) Self-assembled molecular units of (2), iodine-bonded 2D pattern of interaction [19].

Our objectives were threefold: firstly, to document the SHG intensity as the temper-
ature decreases, anticipating a gradual reduction in mesoscopic domains due to slower
Brownian rotators, thereby weakening the SHG signal accordingly; secondly, to observe
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any changes in SHG intensity associated with the change in rotor dynamics across the
phase transition [20–23]; and thirdly, to demonstrate the practical utility of photon-counting
non-linear optical microscopy to reveal hidden dynamics instabilities within complex
phase diagrams.

SHG microscopy stands as a widely employed method for rapidly, reliably, and highly
sensitively measuring the hyperpolarizability of materials. Numerous studies have docu-
mented sudden bursts of SHG intensity attributed to the loss of space-inversion symmetry
during phase transitions in crystalline samples. However, these experiments have typically
focused on powders [24–27] or involved spot measurements on crystals [12,28]. In this
context, we present a novel technique that enables the simultaneous tracking of the SHG
response evolution for an entire single crystal as the temperature decreases. This method
involves capturing successive images through a scanning system coupled to a detector uti-
lizing ultrafast photon counting. An additional advantage of this approach is the generation
of cartography depicting the non-linear response.

2. Materials and Methods

Experiments in photon-counting second harmonic generation (PC-SHG) microscopy
(Figure 2a) were conducted employing a pulsed Ti:Sapphire femtosecond laser (Tsunami,
Spectra-Physics, Inc., Milpitas, CA, USA) tuned to 800 nm and powered by a 10 W solid-
state laser (Millenia, Spectra-Physics, Inc., Milpitas, CA, USA). The laser pulse duration in
the microscope’s focal plane is approximately 100 fs. With a repetition rate of 80 MHz (dead
time δt = 12.5 ns), corresponding to a temporal filling rate of 1:125,000, the laser operates
intermittently to achieve high peak powers and concentrate spatial and temporal photons
effectively on the crystalline sample, maintaining an average power of only 1 W.

To prevent reflection in the laser cavity, a Faraday isolator (IO-3-780-HP, Thorlabs Inc.,
43 Sparta Ave Newton, NJ, USA) is employed, and an electrically driven high-speed Pockels
cell (350-80LA, Conoptics, Danbury, CT, USA) serves as an intensity modulator. The inci-
dent beam’s polarization is controlled with an achromatic half-wave plate (700–1000 nm,
Edmund Optics, York, UK) situated on a motorized rotating stage linked to a universal
controller (PR50 and XPS, Micro-Controle Spectra-Physics S.A., Beaune la Rolande, France).
A microscope slide cover is positioned at a 45° angle to the laser beam’s propagation axis,
redirecting the reflected beam to a power meter.

Fast scanning of the sample is facilitated by two galvanometric mirrors driven by a
two-axis driver (6210H and MicroMax, Cambridge Technology Inc., Bedford, MA, USA).
Voltage control is achieved through an analog card at a maximum rate of 1 MHz, encoded
on 12-bit dynamics (NI PCI-6711, National Instrument, Austin, TX, USA). Monitoring
the scanned surface and spatial resolution in the microscope objective’s focal plane is
performed using another analog output of the PCI-6711, with the external reference acting
as a voltage gauge.

To attain diffraction-limited images for each pixel, a telescope is used to fill the pupil
of the objective lens mounted on a commercial inverted microscope (IX71, Olympus, Tokyo,
Japan). For the variable-temperature experiments, an LTS 420 cell (Linkam Scientific
Instruments Ltd., Salfords, UK) placed between the focusing lens and the condenser was
utilized, operating in transmission mode with two quartz plates. The single crystal to be
analyzed (Figure 2c) is held on a microscope slide inside a small chamber within the plate.
Cryogenic liquid nitrogen cooling (LNP95, Linkam Scientific Instruments Ltd., Salfords,
UK) provides temperature ramps with linearly changing cooling rates up to 100 K min−1.
Temperature control is managed using LinkSys32 V2.4.3 software. The cell, mounted on a
motorized positioning stage (XYZ 562-ULTRALIGN and three actuators TRA12CC, Micro-
Controle Spectra-Physics S.A., Beaune la Rolande, France), maintains the sample in the
microscope objective’s focal plane during movement, employing a compensation technique
described in other articles [29,30].

The transmitted beam undergoes collection by a condenser and is subsequently di-
rected towards the detection chain in transmission. The selection of the SHG signal involves
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two sequential filters: an 808 nm-centered Notch filter (NF808-34, Thorlabs Inc., Newton,
NJ, USA) to absorb the excitation beam, followed by a 400 nm-centered bandpass filter
(FBH400-40, Thorlabs Inc., Newton, NJ, USA). The transmitted SHG beam is then directed
onto a high-speed photomultiplier (H7422P-40, Hamamatsu, Hamamatsu City, Japan) with
a rise time of 1 ns. The digitized signal in the form of TTL pulses is routed to a photon
counting module (C9744, Hamamatsu, Hamamatsu City, Japan) with a counting frequency
of up to 10 MHz. This module is linked to a 32-bit counter on a high-speed PCI card (PCI-
6602, National Instrument, Austin, TX, USA). The counting timing synchronizes with the
electronic control signal of the scan mirrors through a specific high-speed RTSI (National
Instrument, Austin, TX, USA) bus connected directly via a cable between the two PCI
cards. The entire experiment was orchestrated and controlled using a Labview™ program
developed in-house.

Figure 2. (a) Experimental setup for photon-counting SHG microscopy measurement. (b) Schematic
of the temperature cell. (c) Section of temperature cell with crystal.

For substantial nonlinear optical (NLO) responses, delivering a single photon per excita-
tion pulse proves sufficient to generate highly contrasted images. Obtaining an image within
the modest dynamic range available for this crystal (as low as 3 to 4 bits) would necessitate
laser excitation at peak intensity and a pixel dwell time of several tens of microseconds.
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However, due to the potential damage threshold of most samples under such high excitation
intensities, a novel approach is employed. This approach involves constructing an SHG image
by scanning the same area multiple times with lower pixel dwell times and reduced excitation
intensities, enabling the recording of the response’s temperature-dependent evolution over
extended periods (typically > 1 h). The final SHG image is generated by accumulating the val-
ues recorded for each scan, as individual discrete images lack usable information. In instances
where the darkest images acquire only 50 counts (corresponding to 50 detected SHG photons)
in a 100 × 100 pixels image, combining 100 successive scanned images produces a meaningful
image. With a pixel dwell time of 5 µs, representing excitation with 400 laser pulses for each
pixel and only 50 counts in one scan, the probability of detecting an SHG photon in one pixel
within the crystal for the darkest image is merely 1/80,000 for each laser pulse. This SHG
microscope showcases a substantial enhancement in sensitivity compared to other commonly
employed techniques [31].

3. Results

Figure 3a displays a brightfield microscope view of the needle-like single crystal,
measuring 1.5 mm in length and approximately 0.1 mm in width. In Figure 3b, the high-
resolution SHG response of a selected area of the crystal at room temperature is presented.
SHG images were captured over a temperature range of 300 K to 90 K. Due to the use of
transmitted signals in SHG measurements, artifacts become prevalent at lower tempera-
tures. For instance, variations in temperature occur on each side of the quartz windows
during cooling, and condensation may impact SHG intensity at around 220 K. To mitigate
this, nitrogen gas is blown on both outer sides. Additionally, a beta barium borate (BBO)
crystal is introduced on the laser path before the microscope to generate a “false” yet mini-
mal SHG signal. This ensures that the transmitted image of the UV-excited crystal remains
constant throughout the cooling cycle, preventing condensation. Furthermore, certain
metallic parts of the cell contract at low temperatures, causing the crystal to gradually and
regularly shift from its original position in the image. Digital processing, involving the
tracking of singular points of the crystal based on the intercorrelation between two images,
is used to reposition the crystal back to its original location in the picture.

Figure 3. (a) Optical image of the crystal. (b) A 400 × 400 pixels SHG image of the crystal area
corresponding to the yellow dashed line fragment in (a). The scale bar is 100 µm. (c) Evolution of
SHG response for selected temperatures. The intensity of SHG increases from 95 K to 107 K and
then experiences a sharp decrease near 108 K before rising again on the return cycle back up to
ambient temperature.



Crystals 2024, 14, 259 6 of 9

In these experiments, the laser wavelength was set to 800 nm, and the SHG signal was
detected at 400 nm. The laser’s mean power was maintained at a mere 107 µW. The sample
was cooled at a rate of 2 K per minute, capturing a 100 × 100 pixels SHG image every
0.45 K (4.4 images per minute). The scan duration was 50 ms, the dwell time was 5 µs,
and 100 scans were performed for each image. The final SHG image was acquired in
approximately 6 s. The cooling period lasted 90 min, as did the subsequent heating cycle
back to ambient temperature. A series of SHG images (Figure 3c) extracted from a video
recorded during a cooling cycle illustrate the diminishing SHG intensity with decreasing
temperature. We observed a pronounced increase in SHG intensity at approximately
108 K. Aggregating and normalizing the laser intensity for each image revealed a notable
surge toward higher SHG intensities, as depicted in Figure 4. This abrupt change in SHG
response at the phase transition is emphasized in Figure 4, showing where images were
acquired at intervals of 0.16 K within a narrow temperature range around 100 K. The phase
transition is clearly pinpointed at 108 K through variable-temperature, photon-counting
second harmonic generation microscopy.

Figure 4. Temperature dependence of the SHG response of a single crystal. The blue curve corre-
sponds to cooling to 95 K and the red curve represent the evolution during heating back up to ambient
temperature. The black curve represents the mean of both signals. Inset: Temperature dependence of
the SHG response of the crystal around 108 K with a higher resolution. For this experiment, SHG
images were acquired every 0.16 K.
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4. Discussion

The main result obtained from the recording of the evolution of the SHG microscopy
response of the crystal obtained through successive scans as a function of temperature
clearly shows that the second harmonic signal decreases significantly when temperature
decreases. This decline is attributed to the reduced frequency of Brownian motion as
the temperature decreases, resulting in fewer mutations and causing the proportion of
relevant mesoscopic volume without space-inversion symmetry to gradually decrease,
consequently lowering the SHG intensity. This observation is significant and counterin-
tuitive, as opposed to SHG-active materials without moving parts, where SHG intensity
typically fades away with increasing temperature [32–34]. This outcome is also noteworthy,
as it independently demonstrates that the SHG activity of crystalline chiral rotors with
conformational mutations is a unique property associated with the molecular degrees of
freedom of the moving parts.

The second important result is that a phase transition can be revealed by a strong
variation in the crystal response on the low-temperature SHG image around 108 K. This
variation is attributed to the change in structure during the phase transition, from half
a molecule to three and a half molecules in the asymmetric unit ([19]). In this system,
a singular activated relaxation process with a barrier of 429 K (0.85 kcal/mol) transforms,
at around 105 K, into a set of four activated processes with distinct activation barriers: 188 K
or 0.37 kcal/mol, 360 K or 0.72 kcal/mol, 486 K or 0.97 kcal/mol, and 651 K or 1.29 kcal/mol.
Thus, the evolution of the SHG microscopy signal provides a complementary yet novel
method to illustrate the phase transition. Most importantly, variable-temperature non-
linear optical imaging demonstrates that at the phase transition, the symmetry of the crystal
lattice and, consequently, that of the cavity symmetry breaking is linked to the movement
of these rotors [35].

In summary, this work shows the exploration of the acquisitions of a set of temperature-
dependent images with a custom-designed laser scanning SHG microscope equipped with
photon counting detection in a transmitted beam through temperature-controlled crystals.
We demonstrate its application to an amphidynamic single crystal. The analysis produces
comprehensive information on the dynamics of rotators in the main molecule and provides
complementary information about phase transitions. Even if the nonlinear response of a
material is very small, let alone if the variations are small, the technique presented in this
work, based on multiple scans of a thermally controlled crystal coupled with ultra-sensitive
detection, makes it possible to obtain a three-dimensional representation of the nonlinear
response. There are, of course, the two spatial dimensions, but the third dimension can be
temperature (as shown here, but it can also be laser frequency or polarization, for example).
This approach is, therefore, highly versatile.
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