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Optical second-harmonic generation (SHG) in self-assembled
ampholytic mega-molecule polysaccharide sacran is an interest-
ing phenomenon but its origin has not been clarified. SHG-active
sacran aggregates in dried cast films made from ultrasonicated
0.5 wt% sacran aqueous solutions were studied at microscale
using the scanning electron microscope and the energy dispersive
X-ray technology. Hexagonal morphology was observed fre-
quently with the size of a few to tens of micrometers. The calci-
um density was higher in the area showing the SHG signals. In
sum-frequency generation spectra of the SHG-active sacran ag-
gregates, vibrational modes of functional groups such as CHs,
CH;, and —COOH of the sacran molecules and OH of the water
molecules were identified. The structure of the SHG-active
sacran aggregates was modeled from the observed facts.

Excitation laser pulses (800 nm)

SHG-active
sacran aggregate

Sacran
cast film

Sacran; SHG microscopy, SFG spectroscopy; Scanning electron microscope (SEM); Energy-dispersive X-ray spec-

troscopy (EDS)

Polysaccharide sacran is an ampholytic mega-molecule
(Figure 1) extracted from the cyanobacteria Aphanothece
sacrum (A. sacrum) [1]. The molecular weight of sacran is
My = 1.6 x 107 Da [2, 3] and it is much larger than that of
other polymers such as cellulose (Mw ~ 20—150 kDa) [4] or
xanthan gum (Mw = 4 x 10° Da) [5]. The polysaccharide
sacran chain comprises various monosaccharides units as
shown in Figure 1. Functional groups, such as carboxyl and
sulfate, are the typical groups of sacran molecules and are
used to distinguish polysaccharide sacran from other poly-
saccharides. Sacran has drawn great attention in applications
such as pharmaceuticals, drugs, cosmetics, and food because
of numerous sugar residues in its molecular structure [1, 2].
Fourier transform infrared spectroscopy shows the peak of

the carboxylate group at a wavenumber of 1613 cm™!, while

those of the sulfate group are at 1223 and 1363 cm™! [6, 7].
The presence of the nitrogen element in the sacran chain
demonstrated that sacran is an ampholytic sugar chain with
an anion/cation ratio of about 30/1. The anions originate
from the sulfate (~27%) and carboxylic (~22%) groups
while cations are from amino sugars [2] (less than 1%).
Sacran molecules have ultrahigh absorbent capacity for
water (6100 mL g") and 0.9% saline (2700 mL g!) [8]. In
the solution conditions, sacran is an amphoteric electrolyte
material and sacran chains can change their conformation
according to the concentration change. The spherical con-
formation was observed at a concentration < 0.004 wt% [3].
The double helix and rigid structures formed at a concentra-
tion > 0.09 wt% and changed to the soft filamentous struc-
ture at a concentration > 0.1 wt% or the weak gel at a con-
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centration > 0.25 wt%. This phase is characteristic of the
increase in chain entanglement and fraction.

Sacran is in the nematic liquid crystallinity (LC) phase at
a concentration of ~0.5 wt%. In the LC gel formation,
sacran chains are aligned parallel to each other [3, 9]. The
changing conformation of sacran chains in the solution con-
ditions might be originated from the self-assembled ability
of sacran chains [10]. Sacran cations and anions are thought
to be the main factor in the self-assembly of the sacran
aqueous solutions. The LC phase of sacran solutions can
efficiently adsorb not only divalent but also trivalent metal
ions, especially the rare earth metal ions [3, 11-16]. This is
an interesting character of the sacran molecule and can be
applied in bio-scavenger.

Sacran chains allow optical second-harmonic generation
(SHG) phenomenon (Figure S1 in Supplementary Material)
because of the chirality in their structure (Figure 1) [8], and
the SHG spots in sacran cast films were observed by Zhao et
al. [17, 18]. SHG is allowed for media with non-centro-
symmetric structures at the molecular level [19-21]. SHG
from macroscopic media is enhanced when the polarization
of the constituent molecules is oriented in the same direction
within the wavelength scale. According to Zhao et al., the
SHG signals from sacran molecules appear mostly as spots
with sizes in the range from few to tens of micrometers, and
it had a core part with the strongest intensity at the near
center. Except for these spots most sacran molecules emit no
SHG. The SHG intensity of the spots had an incident polar-
ization dependence. Zhao et al. also detected SHG signals
around a negative electrode of —4.5 V when the sacran
aqueous solution was put in an electrode cell, applied volt-
age, and dried [18]. Hence, this SHG from the saran films is
not a trivial phenomenon, such as those from impurity or
imperfection.

The origin of the SHG activity of sacran aggregates is
mysterious and attracts our interest. This phenomenon is
interesting not only as a property of sacran but also as a
property of a general self-organizing polymer. Hence, in this
study, our main purpose is to get more information about the
SHG-active sacran aggregates to clarify the origin of the
SHG activity. For this purpose, we modified sacran mole-
cules and applied energy dispersive X-ray (EDX) and sum-
frequency generation (SFG) methods. The original sacran
solutions (0.5 wt%) were ultrasonicated, its molecular
weight being made smaller by 20 to 80%, and then made

into cast films. Short-time ultrasonication was done because
the SHG-active sacran becomes visible in linear images and
becomes convenient for scanning electron microscopy
(SEM) study. The number of SHG-active spots increased
remarkably. SHG-active sacran aggregates are carefully and
precisely positioned using the corresponding linear images
and were observed by SEM and SEM-EDX. We found hex-
agonal structures with highly oriented subregions. Since
these sacran aggregates should have a highly orientated
structure and second-order optical nonlinearity, SFG spectra
of dried sacran cast film were also studied. SFG spectra of
SHG-active sacran aggregates showed vibrational modes of
functional groups such as CH, or CH3 and COOH and a
broadband from 3100 to 3400 cm™' of water molecules. Un-
derstanding the nonlinear second-order optical response of
sacran molecules might lead to discovery of a high potential
material that can be applied to telecommunications or opto-
electronics industries in the future [22].

The original sacran aqueous solutions (60 mL, 0.5 wt%)
[1] were applied sonication with an ultrasonic tip 13 mm
diameter made of a titanium alloy (Ti-6Al-4V) controlled by
an ultrasonicator (SONICS Vibra cell VCX750, Sonics &
Materials, a frequency of 20 kHz). The ultrasonication time
was 10, 20, 30, and 40 s. The magnetic stirring was carried
out during the ultrasonication process. This ensures that the
entire sacran aqueous solution is exposed to the ultrasound
probe, increasing the homogeneity needed for the entire
sample. Ultrasonicated solutions had a 10-s cooldown time
per every 50 s to avoid overheating. The ultrasonicated
samples were centrifuged using centrifuge vaporizer equip-
ment (EYELA CVE-200D) for 30—45 min to separate the
metal fragments having a mass greater than the molecular
weight of sacran molecules. To remove micro-scale dust
particles possibly emitted from the irradiance probe of the
sonic device, the syringe filter with a 5 um of a pore size
was used.

After the ultrasonic treatment, the molecular weight was a
logarithmic function of a sonication energy. The sacran mo-
lecular weight decreased to less than one-third of their orig-
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Figure 2: A schematic of the experimental setup for SHG observa-
tion. ND filter: neutral density filter, L.P.F.: long-pass filter (to
remove light of wavelength shorter than 780 nm and pass the 800
nm beam), B.P.F.: bandpass filter (FF01-395/11 with transmittance
over 90% at 388.4—402.2 nm and 92.9% at 400 nm), and S.P.F.:
short-wavelength pass filter (passing 350—785 nm and rejecting
800 nm wavelength). A polarizer and a half-waveplate were used
to set up the polarization of the incident laser light to investigate
the polarization dependent SHG intensity.

inal weight after 30 s of ultrasonication as it is shown in
Figure S2 (Supplementary Material). Viscosity of the sacran
aqueous solution looked remarkably decreased [23]. Finally,
ultrasonicated sacran aqueous solutions were dropped onto
the surface of silicon substrates to form dried cast films at
room temperature. Silicon wafers with native surface oxide
layers were used as the substrates because they emit very
weak SHG.

B. Experiments
1. SHG and SFG experiments

SHG experiment: The experimental setup to determine
the accurate position of the SHG-active aggregates in the
cast films is shown in Figure 2, and detailed information
about the experiment was described in our previous reports
[17, 18]. Linear images of the sample were observed in the

Linear imagg
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same setup as the SHG observation above using white light
illuminations and a complementary metal-oxide-semicon-
ductor (CMOS) camera. SHG images were observed by us-
ing a bandpass filter of 400 nm wavelength and an image
intensified charge-coupled device (II-CCD) camera with an
accumulation time of 300 s. Two-photon excited fluores-
cence (2PEF) images (Figure S3 in Supplementary Material)
were observed by using a bandpass filter of 438 nm wave-
length and an II-CCD camera with an accumulation time of
60 s. The incident light wavelength was 800 nm, and the
excitation power was 10 mW.

SFG experiment: The experimental setup for measuring
the SFG spectra of sacran cast films can be also found in our
previous report [24]. The fixed wavelength visible (Vis)
light at 532 nm was laser pulses of time duration of 30 ps
generated from a mode-locked Nd**: YAG laser. The wave-
number of the infrared (IR) light pulses generated from an
optical parametric generator (OPG) was scanned in the
range of 26003500 cm™!. The pulse energy of the visible
light was set up at 80 pJ, and that of the IR pulse was about
150 pJ. The observation area was ~1 mm? on the film sur-
face so it contained many SHG and SFG-active spots.

2. SEM and EDX-SEM experiments

SEM images of SHG-active sacran aggregates were ob-
served using a NeoScope JCM-6000Plus, JEOL. For
EDX-SEM analysis, we used TM3030Plus Miniscope-Hita-
chi. For high-resolution SEM images, dried cast films of
sacran were coated with a gold layer of around 25 nm.

lll. RESULTS AND DISCUSSION

A. SHG of selected sacran aggregates

Figure 3 shows optical linear, SHG, and 2PEF images of
dried cast films made from original and ultrasonicated
sacran solutions. In these figures, sacran is distributed all

2PEF image
P:10 mW
t:60s

2PEF image
P:10 mW
t:60s

f)
e) _we;\k - - strong

Figure 3: Linear, SHG, and 2PEF images (from left to right) observed from the sacran cast films made from the original sacran aqueous solu-
tion (a—c) and from the 30-s ultrasonicated sacran solutions (d—f). P and ¢ represent excited laser power and integration time for image acqui-

sition, respectively.
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over the scopes of view. Yet, strong SHG signals in Figure
3(b, e) were observed only near the center region of the cast
film. The red arrows mark the positions of the spotty SHG
signals in the SHG images [Figure 3(b, ¢)]. We do not see
any 2PEF signal at the red arrowed positions in Figure 3(c)
or 3(f), and so we identified the spots in Figure 3(b, ) as
SHG. If we see similar images at both 400 and 438 nm, the
light at 400 nm can be from a tail of 2PEF. In the linear im-
age of the film made from the original sacran solution
[Figure 3(a)], nothing is seen at the position indicated by the
red arrow. This is the reason why we could not try to see
SEM images of this sample. On the other hand, in the linear
image of the film made from the sonicated sacran solution
[Figure 3(d)], a clear spot is seen at the position indicated by
the red arrow. Hence, we did SEM observation of this sam-
ple as in the next section. The SHG active aggregates in the
film made from the sonicated sacran solution have the size
of a few to 20 pum in the linear image.

In the case of 10 s of the ultrasonicated sacran aqueous
solution, the SHG signals appeared with more complex
shapes such as rod-shaped or with quite uniform intensity
between the center and edge regions. The SHG intensity
decreased significantly at the ultrasonication times longer
than 40 s.

B. The hexagonal structure of SHG-active
sacran aggregates

Figures 4 are linear, SEM, SHG, and 2PEF images of
SHG-active sacran aggregates of ultrasonicated sacran solu-
tion of 20 s [Figure 4(a—d)] and 30 s [Figure 4(e—h)]. Fig-
ures 4(a, ¢, d) and 4(e, g, h) as groups are shown on the
same scale, and Figures 4(b) and 4(f) are expanded. In the
linear image of Figure 4(a) we see a particle with a diameter
of 13 um, although its contrast is not uniform. The SEM
image shows some multilayer symmetric structures with
different diameters. In the SHG image of Figure 4(c), we see
two spots. The left spot has an intense peak at its center and
its position is indicated by a white arrow. Figure 4(g) shows

Linear‘image
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a spot with higher intensity at the near center of the spot. In
the 2PEF images in Figure 4(d, h), almost nothing is seen.
Sacran sometimes gives both SHG and 2PEF as in Figure
4(g, h). However, the 2PEF intensity in Figure 4(h) is much
weaker than the SHG intensity [Figure 4(g)] and has a broad
distribution instead of a sharp peak [Figure S4(d) in Sup-
plementary Material]. The power dependence of the SHG
signal was a quadratic function [Figure S4(e)]. Multi-photon
fluorescence was investigated by using a band pass filter of
370- and 390-nm wavelengths and no signal was seen at all
[Figure S4(h, k)]. Hence, there is no three or four pho-
ton-excited fluorescence under the current excitation power.
These indicate that the signal detected in Figure 4(c, g) are
SHG.

SEM images in Figure 4(b, f) are observed frequently for
ultrasonicated sacran solutions. The shape of the particle in
Figure 4(b) looks roughly hexagonal. Typical images of
hexagonal structures are seen in Figure 5(a, ¢, e, g), besides
some other complex-shaped structures in Figure 5(b, d, f, h),
among the SHG active spots of the ultrasonicated sacran
aqueous solutions of 10, 20, 30, and 40 s. In Figure 5(a) at
10 s of the ultrasonication time (an input energy of 7.2 kJ
mL™), fibrous scran is seen in the edge region of the hex-
agonal particle [10, 25—-28]. Microdomains, forming lay-
er-like structures are arranged frequently around some cen-
ters, most typically holes as seen in Figure 5(a, b, f, g) [23,
25, 29]. Nanofiber sacran structures disappeared at higher
ultrasonic energies than 12.2 kJ mL™! (20 s of the ultrasoni-
cation time). When the ultrasonication times are 10, 20, and
30 s, hexagonal particles like those in Figure 5(a, ¢, ¢) ap-
pear prominently on the surface of the sacran cast film. With
higher ultrasonic energy (~24 kJ mL™!), many smaller parti-
cles with submicron sizes appear on the surface [Figure 5(g,
h)], and there were no hexagonal-shaped SHG-active ag-
gregates.

These hexagonal structures are rather two-dimensional
(2D) particles or of pancake shapes of roughly De, sym-
metry and the central holes look like the symmetry axes in
Figure 5(a, b, e—g). In addition, in Figure 5(d) the particle

Figure 4: Linear, SEM, SHG, and 2PEF images of SHG-active sacran aggregates with the sizes of 13 um (b) and 15 pm (f).
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: SEM images of hexagonal and highly ordered structures of the SHG-active sacran aggregates in the cast films made from the sacran
aqueous solutions of ultrasonication times of (a, b) 10 s, (c, d) 20 s, (e, ) 30 s, and (g, h) 40 s.

appears to have shrunk into a 2D sheet when water was re-
moved by drying, so its thickness is suggested to be thin.

The bottom row of Figure 5 shows some SHG-active
sacran particles with complicated shapes in SEM images.
The white polyhedral structures in Figure 5(d) are believed
to be NaCl crystals since chemical element analysis in Fig-
ure S5 (Supplementary Material) showed Na species.

To examine the constituent chemical elements of the
SHG-active hexagonal sacran aggregate in Figure 5(c), we
show its EDX-SEM element map in Figure 6. The four ele-
ments C, O, S, and N are major elements making up sulfate,
carboxyl, and amide groups in sacran. In particular, the ex-
istence of element S proves that the SHG-active hexagonal
structures are sacran aggregates. EDX-SEM results of ag-
gregates from other ultrasonicated sacran solutions were
similar.

From Figure 6, atomic percentage ratios () of Na and Ca
to S, defined as

Na

S5um
[

0.1%

Ca

5um
—

0.25% 1.1%

Atomic % of Na or Ca
Atomic % of S’

™a,ca/s =

were obtained. We found that the areas without SHG signals
had the ratio 1¢,,5 < 1, while that with SHG-active spot
had a ratio larger than 4 (r¢,/s > 4). Those ratios for the Na
element (ry,/s = 4-8) were roughly uniform in all the are-
as.

Zhao et al. observed a strong anisotropy of SHG spots as
a function of the incident polarization angle in a film made
from unsonicated sacran aqueous solution [17]. In the same
way, we carried out a polarization-dependent SHG experi-
ment on a hexagonal SHG-active sacran aggregate (Figure
S6 in Supplementary Material). The polarization angle of
incident light was defined as 6 = 0° when it was p-polar-
ized after a polarizer [Figure 7(a)]. The output SHG polari-
zation was not specified. The SHG intensity as a function of
6 is shown in Figure 7(b) in red and black dots for (1) and
(2) sample configurations, respectively.

<0.01%

5 um 45.02 %

: Maps showing the chemical elements in a sacran aggregate shown in Figure 5(c) by using EDX-SEM technique.
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Figure 7: (a) Polarization of incident laser beam for 8 = 0° (p-polarization), (b) the polarization-dependent SHG intensity of the SHG-active
sacran aggregates. Red and black dots and curves labeled (1) and (2), respectively, are data for the samples in two different configurations
shown at the edges. The green square dots are 2PEF intensity. (c, d) S-polarized linear images corresponding to the (1) and (2) cases.

In Figure 7(b), the red and black curves are fitting data
using the formulation [30]:

Isye % al(sin?8 + b cos26)? + ¢ sin?8 cos?6]

Here a, b, and c are constants related to the third-rank tensor
of the second-order nonlinear susceptibility y®. One can
see in Figure 7(b) that the SHG intensity pattern is clearly
anisotropic and that it rotates according as the sample is
rotated. The reason for the different maximum intensity be-
tween (1) and (2) patterns is the difference of Fresnel factors
when the incident electric field is in the optimum SHG emit-
ting direction of the aggregate. The 2PEF intensity shown in
green in Figure 7(b) has a circular shape as a function of the
incident polarization angle and is much weaker than the
SHG intensities. S-polarized linear images of the same
SHG-active aggregate using a white light as a function of
the sample rotational angle around its surface normal are
shown in Figure 7(c, d). More detailed sample rotation angle
dependence is shown in Figure S6 (Supplementary Material).
The last two results show that the aggregates appear to be
isotropic in the linear optical and 2PEF phenomena.

C. The SFG spectra

We obtained SFG spectra of dried sacran cast films made
from 20-s ultrasonicated sacran solutions (the ultrasonic
energy of 12.2 kJ mL™!; Figure S7 in Supplementary Mate-
rial), as shown in Figure 8. Here we note that the cast films
with no ultrasonic treatment show very weak SFG. We ob-
served SFG spectra from two different regions of the sacran
cast film; the first is the edge region and the second is near
the center. The edge region has a very high spotty SHG den-
sity (176.23 spots mm 2). This region should have a high
second-order nonlinearity, and this is the reason why we
chose it for the SFG measurement. The density of SHG
spots near the center (24.5 spots mm 2) was much less than
that of the edge region. Accordingly, we have a clear SFG
spectrum for the edge region [Figure 8(a)], while only a

noise signal was detected near the center [Figure 8(c)].

In Figure 8(a, b), red and green fitting curves were drawn
by using the equation [31]:
2

S(wSFG) X |XNR - i

WR — Wy + an

S@) L Z AHn exp(ib,,)
n

5| 2 'y
Here, ‘_,(\,R), n, w,, Wr, 4,, and [, are the non-resonant

background in ¥®, the order of resonance, the frequency of
the nth resonance, the frequency of IR light, the amplitude,
and the damping coefficient of the nth vibrational mode,
respectively. In the red curve, the peak at around 2850 cm™!
is assigned to the symmetric stretching mode of CH3 or CH»

) ©® Edge region before SEM
SH; <« Edge region after SEM |

® Near Center

5 60
A

Vibrational stretching
of the water molecule

20

SFG intensity (arb. units)
£
A
)
<|;

0 L 3
2600 2800 3000 3200 3400
Wavenumber (cm'1)

Figure 8: SFG spectra of a dried cast film made from the 20-s
ultrasonicated sacran solution. (a) Black dots and the red curve are
measured SFG data and a fitting curve at the edge region of the
cast film, respectively. (b) Blue triangles and the green curve are
measured SFG data and a fitting curve at the edge region of the
cast film, respectively, after it was kept in a vacuum for 2 h. (c)
Red dots are measured SFG intensity near the center of the cast
film before the film was kept in a vacuum.
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[6, 7, 32] and the peak at 2650 and ~2750 cm™! are assigned
to the OH stretching mode of the R—-COOH group [6]. The
broadband from 3100 to 3400 cm™! is assigned to the vibra-
tional OH stretching mode of water. This water band is not
seen in the SFG spectra of the cast film kept in a vacuum for
2 h [Figure 8(b)]. The water molecules would have been
removed from the film in the vacuum.

Based on the results in Sections III.A—-III.C, we will sug-
gest a model structure of the SHG-active sacran aggregates.
For this purpose, we first summarize below the facts found
out in the previous sections:

(1) SHG-active sacran aggregates became visible in linear
images after ultrasonication treatment of the source
sacran aqueous solution, while it was not before the
treatment.

(2) The number of SHG spots increased after ultrasoni-
cation treatment up to 20 s (12.2 kJ mL™") and de-
creased for a longer sonication time.

(3) Hexagonal structures were observed in many of the
SEM images of SHG active spots in the cast film made
from the 10- to 40-s ultrasonicated sacran aqueous solu-
tions.

(4) In the hexagonal structure, Na, O, S, Ca, and C ele-
ments are uniformly distributed. The Ca to S ratio in the
SHG-active region is four-time higher than that in the
non-SHG-active region.

(5) SFG spectra were observed for cast films made from
sacran aqueous solutions ultrasonicated for 20 s.

(6) CH; and CHs; related peaks, R—-COOH peaks, and a
water peak were observed in the SFG spectra

(7) The water SFG peak disappeared after the cast film was
evacuated.

Next, we list up some of the properties of SHG active

spots found in literature [17, 18]:

(8) Most SHG signals have spotty shapes and have a very
strong intensity near the center of the spots.

(9) SHG images of the SHG-active sacran aggregates con-
sist of concentric multilayer structures.

(10) The SHG intensity spots have a strong incident polari-
zation dependence but the 2PEF intensity does not.

(11) When a sacran aqueous solution is put in an electrode
cell and applied an electric voltage of 4.5 V and a cur-
rent until it dries, SHG of sacran film becomes active
near the negative electrode [18].

(12) All the sacran molecules take rod-like structures with
diameter of several micrometers and length larger than
200 pm above a threshold concentration and show a
liquid crystal phase [10, 25, 28, 33].

Figure 9 is our proposed tentative model structure of the
SHG-active sacran aggregates. In the center of the SHG-
active region, there might be positively charged sacran
chains, because, according to property (11), the existence of
positively charged sacran molecules is suggested [17, 18]. In

Figure 9, we show only the charges and no sacran molecules.
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These positively charged sacran chains are minority species,
but they attract negatively charged sacran chains and form a
central electric dipole. Other dipoles created around this
central dipole are drawn as empty arrows. They are oriented
in the same direction as each other and make a macroscopic
dipole according to property (10). Outside the SHG spot,
there are random dipoles created by the sacran molecules.
They make no macroscopic dipole. Within the SHG spot, we
show the water molecules. These water molecules are
aligned in the same direction as each other so that the SFG
of these water molecules are active according to properties
(6) and (7).

From property (10), permanent dipoles of sacran mole-
cules’ aggregates are suggested to be aligned in one direc-
tion. Property (5) supports this view because such an ani-
sotropy induces SFG activity of sacran molecules. In Figure
7(b), the SHG pattern as a function of the polarization angle
rotates by 90° when the sample is rotated by 90°. This con-
firms that permanent dipoles of sacran molecules’ aggre-
gates are aligned in one direction as shown in Figure 9.

The driving force of the alignment of the dipoles of
sacran molecules is not yet clearly understood. There are
three possible candidates for the origin of such forces. The
first one is a branching of sacran molecules like that in am-
ylopectin. Amylopectin and amylose in starch are composed
of a-D-glucose polymer with a-(1,4) glycosidic bonds. Am-
ylopectin is SHG and SFG active because all the reducing
ends are oriented in the same direction by the effect of the
branching by a-(1,6) glycosidic bonds. Amylose is SHG and
SFG inactive because the saccharide chains have their re-
ducing ends up and down by 50% each and the nonlinear
polarization cancels. It is a probable candidate because it has
been pointed out that multi-valent metal ions (like Ca in this
paper) bind with carboxylate and sulfate groups in the
sacran chain and serve as crosslinkers of different chains
[10]. However, the reason why there are two kinds of bundle
structures with and without macroscopic dipole is not
known yet.

The second candidate is a Coulomb force induced by the
central cation. If the positive charge of the central cation is
large it creates a Coulomb potential, and the potential will

—p

Sacran dipole

SHG-active region

Non-SHG-active region xx‘
A&,  Water molecules |:">
é::mdom aggregates

: Plausible model of SHG-active sacran dipole aggregates.
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assembled
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U
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align the sacran molecules and their dipoles. However, this
candidate has a problem that it does not explain the
uni-directional alignment of the dipoles in the SHG spot.

The third candidate is a possible ferroelectric liquid crys-
tal phase of sacran molecules. Sacran has abundant chiral
units giving possible structures to form a ferroelectric liquid
crystal (FLC) [34, 35]. Permanent electric dipoles of the
sacran chain can occur if the chain takes a spiral structure by
the effect of the alternate alignment between non-chiral and
chiral molecules. This random organization of the molecules
creates a layer dipole moment, and a helicoidal structure of
chiral smectic C (SmC¥*) liquid crystal ferroelectric phase
[36]. As another ferroelectric liquid crystal phase, a splay
nematic phase is also reported. [37—39].

The nonzero SFG signal of water molecules mentioned in
property (5) shows that the water molecules are oriented
also. This may be caused by the orientation of the dipoles of
the sacran molecules and the fact endorses the assumption
that the dipoles of the sacran molecules are oriented.

A uniform distribution of sodium and calcium cations in
the sacran aggregates in property (4) suggests that the dis-
tribution of chemical elements is uniform in spite of the fact
that the SHG intensity has a small and sharp core at the cen-
ter. The mechanism of the correlation of the SHG activity
and Ca density is not understood.

In the SHG-inactive region, there might be a cancellation
of electric dipoles of a pair of sacran molecules. This model
is suggested according to the analogy with SHG and SFG
activities of amylose and amylopectin as we have stated
above. If the reducing ends of sacran chains are up and
down by 50% each, the SHG and SFG will be inactive.

The hexagonal structures as they can be seen in Figure 5
have not been reported so far. No information is available on
what the microscopic origin of this morphology is. However,
it is interesting to guess the relationship between this struc-
ture and properties (4) and (6). These two properties clearly
show that water is contained in the SHG active aggregates
as shown in Figure 5. In addition, as already suggested
above, water is well aligned in the aggregates as illustrated
in Figure 9. Hence the hexagonal shape might come from an
ice crystalline morphology like that of a snowflake. This
hypothesis may be strange because our samples are kept at
room temperature. However, as pointed out by Shen et al.,
water is said to have an ice structure in a significant part
even above the melting point [30] so that water can lead to
the observed hexagonal structure. If this is the case, the
SHG activity and the hexagonal structure of the SHG-active
aggregates may be correlated because they are both induced
by the dipole generation in the sacran cast film. An alterna-
tive origin of the hexagonal structure can be crystalline
phases containing hexagonal spiral structures of saccharide
chains such as those of amylopectin [40].

In this study, SHG-active sacran aggregate structures in
the cast film made from ultrasonicated sacran aqueous solu-

Regular Paper

tion were analyzed by combining the SHG microscope,
SEM/EDX-SEM, and SFG techniques. The SHG signals
appeared most frequently in a spotty shape with high inten-
sity near the center. According to the SEM images, the
SHG-active sacran aggregates can self-assemble to a hex-
agonal structure of sizes of several to 20 um having ex-
tremely high oriented and concentric multilayer-like struc-
ture units. The presence of counter cations of sodium and
calcium with a high uniform distribution was confirmed as it
is consistent with the efficient metal ion absorption proper-
ties. The calcium density is higher in the area showing the
SHG signals. The SFG spectra were observed from the area
with a higher number density of the SHG spots in the film.
The SFG spectra show peaks of vibrational modes of func-
tional groups such as CHz, CH,, COOH, and a broadband of
an O—H stretching mode of water. In our tentative model of
the SHG-active sacran aggregate, the SHG phenomenon
originates from the main electric dipole at the center created
by positively and negatively charged sacran, with
well-oriented dipoles induced by the sacran chains in the
surrounding area.

lustration of the SHG and 2PEF phenomena, the measured
molecular weight of sacran as a function of the ultrasonication
energy, an incident power dependence of the SHG intensity, SEM
and multi-photon excited fluorescence images, chemical mapping
images by EDS, an angle dependence of linear images under
s-polarized white light illumination, various types of SHG-active
sacran aggregates, and a schematic SHG image of a whole sacran
cast film are available in Supplementary Material at
https://doi.org/10.1380/ejssnt.2022-016.

This paper was presented at the 13th International Symposium
on Atomic Level Characterizations for New Materials and Devic-
es ’21 held online (ALC °21 Online), October 19 & 20, 2021.
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