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ABSTRACT: The arrangement of an ionic fluorophore in the crystalline state was regulated by the
presence of various counter-ions and the effect upon spectroscopic and self-association properties was
studied. To do so, nine salts of berberine (i.e. a fluorescent natural alkaloid) were investigated. Most of
them contained organic anions and were prepared using an ion-exchange process. Berberine chloride
and hemisulfate were also used for the sake of comparison. The diffuse reflectance and
photoluminescence spectra were recorded on powder compounds. All salts were emissive in the solid
state and the emission efficiency was increased seven fold with the nature of the anion. The optical
properties were tentatively discussed on the basis of the crystal packing mode. The possibility of using
a bottom-up approach to generate microparticles was investigated using the reprecipitation method. Salts
that contain the most hydrophobic anions gave a large number of homogeneous, elongated
microparticles. This study showed that most of the berberine salts could be used as fluorescent materials,
but proper choice of the anion allows using the self-association properties to best advantage.

Keywords: fluorescent probes; crystal structure determination; photoluminescence; optical properties;
nanofibers; reprecipitation.



INTRODUCTION

Organic dye molecules that emit efficiently in the solid state are the key to many advanced applications
in materials as well as in biological sciences, where they are of particular interest as micro- and
nanoparticles.'”” However, their development is challenging because the classic rules that allow
designing efficient fluorophores for use in solution are not enough to ensure good solid-state emission
properties. Not only should the molecules have a well-designed m-conjugated electron system, but they
must also be properly arranged in the solid state. Otherwise, their emission is quenched upon
aggregation, as is the case for the great majority of fluorophores.®*° In the past decade, research efforts
have concentrated on the identification of dyes usable for solid-state emission and the implementation
of various strategies aimed mainly at preventing the very detrimental head-to-head stacking of
fluorophores.!** Among these strategies, the concept of ion association is very promising.}*?? It
consists in associating a charged fluorescent or potentially fluorescent dye with a spectroscopically-
silent organic counter-ion. Such a system has many advantages. The counter-ions govern the physical
and photophysical properties of the salt obtained. Relatively bulky counter-ions play a prominent role
in the molecular arrangement and may reduce dye stacking. In the best-case scenario, dyes that are not
fluorescent in the solid state when associated with small inorganic counter-ions are fluorescent in the
presence of large organic ions. As they are easily interchangeable, various counter-ions can be associated
with the same dye, thus reducing the effort in synthesis and enhancing the potential of this dye for
definite applications. Moreover, organic salts are strongly hydrophobic and are particularly well adapted
to the preparation of micro- and nanoparticles in aqgueous suspensions. The nature of the counter-ion
thus influences the particle shape and size, as well as their biological behavior in the case of
nanoparticles.?®

The bases of the concept being well established, it is now important to understand precisely how
the counter-ions may control the optical properties. Despite the fact that many salts based on organic
dyes are crystalline, very few systematic studies have made a correlation between molecular
arrangement and optical properties. Following the example of the pioneering work of Hinoue et al.
regarding anthracene-1,5-disulfonic acid amine salts,?® it seemed instructive to us to carry out a study
using berberine salts.

Berberine is a natural alkaloid that has been used intensively in traditional Eastern medicines 2
because of its wide biological and pharmacological activity.?’2° One of its advantages is the propensity
to produce crystallized salts with a variety of anions. '® 303 This delocalized cation also shows
interesting photochemical and spectroscopic properties.®® 3¢ It is a strongly-colored compound that can
easily be monitored by UV-vis absorption spectroscopy. As a fluorophore, it is virtually not emissive in
water, but its fluorescence is restored in lipid phases " *® and constrained media.>* “° Some years ago,
our team showed that berberine palmitate was emissive in the solid state and gave nanofibers using a
plain method based on solvent exchange.!® Recently, the berberine cation was associated with three
other organic anions. Solid-state emissive salts were also obtained and we observed that the nature of
the counter-ion influenced the formation of nanoparticles as well as the uptake by living cells.
Consequently, berberine salts seemed to be appropriate for the intended research.

The first purpose of the present work was therefore to examine in greater detail the solid-state
spectroscopic properties of a large panel of berberine salts and to see if a correlation can be found with
the molecular arrangement in the crystal. The second purpose was to gain an overview of the self-



association properties by comparing the microparticles obtained using a reprecipitation method. To do
so, we studied nine berberine salts differing by the nature of the anion (Figure 1).
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Figure 1. Chemical structures of the berberine cation (Ber*) and some associated anions: palmitate (Pal"), laurate
(Lau’), dodecylsulfate (DS"), dioctylsulfosuccinate (AOT"), bis(trifluoromethane)sulfonimide (NTfy), p-tosylate
(Tos’) and tetraphenylborate (TPB").

The four salts already used in our previous research work, i.e. palmitate (Pal"), dioctylsulfosuccinate
(AOT), p-tosylate (Tos’), and tetraphenylborate (TPB-), were considered. Two new salts were prepared
based on organic anions laurate (Lau’) and dodecylsulfate (DS"). All these organic salts differed by their
anionic groups and hydrophobic moieties that went from aliphatic to polyaromatic. The berberine cation
was also associated with bis(trifluoromethane)sulfonimide (NTf2). This type of very hydrophobic anion
has been used to prepare solid state versions of ionic liquids that show interesting luminescence
properties.?> 4t Commercially available chloride and hemisulfate berberine salts were also used for the
sake of comparison.

RESULTS AND DISCUSSION

Synthesis and characterization of the berberine organic salts

The berberine organic salts were obtained by mixing equimolecular amounts of berberine chloride
(Ber™ClI") and the desired anion as its alkaline salt, each compound being previously dissolved in hot

distilled water. The organic salts thus formed readily precipitated. They were collected, rinsed with
water to remove inorganic salts and dried under vacuum with gentle heating. The characterization was



made by mass spectrometry (electrospray ionization technique, positive and negative modes) and 'H
NMR spectroscopy.

Solid-state optical properties

All the berberine salts studied in this work were bright yellow compounds. Dilute solutions were yellow
and the UV-vis absorption spectra of the berberine cation typically exhibited four distinct bands
between 200 and 500 nm, including a weak long-wavelength band with maximum around 430 nm
whatever the solvent.® It was checked in acetonitrile that the nature of counter-ions hardly influenced
the absorption properties in solution (Figure S1, Supplementary Information). Then, the reflectance
spectra of the powder compounds were recorded (Figure 2). They all displayed a band in the blue region,
with the maximum going up from 436 nm for Ber*Tos to 457 nm for Ber*Pal" (all spectroscopic data
were collected in Table 1). Absorption was therefore shifted to long wavelengths with respect to
solutions. The shift magnitude and the broadness of the band depended on the nature of the counter-ion.
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Figure 2. Normalized remission function of the UV-visible diffuse reflectance spectra of powder compounds.

Compound Aret (NM) Aem (NM) DpL
Ber*Tos’ 436 5122 0.0312
Ber*Pal 457 530° 0.0442
BerLau 453 534 0.068
Ber'DS 440 548 0.073
Ber*AOT" 450 5462 0.0522
Ber* 1%S04% 453 548 0.070
Ber*CI 455 550 0.033
Ber*TPB- 441 5522 0.011
Ber*NTf, 449 554 0.068

Table 1. Diffuse reflectance maximum wavelengths (Zwf), emission maximum wavelengths (4em) and
photoluminescence quantum yields (®p.) of the berberine salts (microcrystalline powders). Aex = 420 nm. 2 Data
from ref. 23. ® Data from ref. 18.



The emission properties of the berberine cation in dilute solution have been widely investigated
in the literature. The fluorescence spectrum displays an unresolved band that peaks between 514 nm and
555 nm according to the solvent polarity.®® In contrast, very little is known about the solid-state
properties. To our knowledge, only a preliminary study by our team has reported the solid-state
properties of the four organic salts obtained with Pal,, AOT-, Tos and TPB".2% This study was extended
here to all berberine salts.

It was first checked that all the salts gave almost identical emission spectra in acetonitrile (Figure
S2, Supplementary Information). This was obviously not the same in the solid state. All powder
compounds were fluorescent when excited by a hand-held UV lamp, but emission showed varying
degrees of intensity and ranged in color from greenish yellow to orange yellow depending on the
counter-ion. The corresponding photoluminescence spectra were recorded using an integrating sphere.
They showed an unresolved single band, with the maximum going up from 512 nm for Ber*Tos to 554
nm for Ber*NTf, (Figure 3). The position of the emission spectra thus strongly depended on the nature
of the counter-ions. The wavelength shift observed with varying the counter-ion was comparable to that
observed in solution with varying the solvent.

The photoluminescence quantum yields varied seven-fold with changing the counter-ion but
remained in the same order of magnitude, in the 10 range. It can be noticed that new measurements
were made on freshly prepared Ber*TPB-because an alteration of the sample color has been observed
over time when the compound is not stored under rigorous conditions. By comparison with solutions,
the emission quantum yield of the salts in the solid state was greater than or equal to that of the berberine

cation in organic solvents 3¢ and, even more so, in water where emission is almost extinguished. & 35
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Figure 3. Photoluminescence spectra of the berberine salts (microcrystalline powders). lex = 420 nm. All spectra
were corrected and normalized.

Crystallographic study

It was checked by infrared spectroscopy that commercially available Ber*%2S0.% and Ber*Cl- were
hydrates (Figure S3, Supplementary Information). For Ber*%:S0.%, we relied on the structure of
bis(berberine) sulfate heptahydrate reported by Kariuki and Jones.® The structure was retrieved from
the Cambridge Crystallographic Data Centre database (YUJJAO)..For Ber*Cl, the manufacturer
specifies that the water content is between 8 and 15%. Most likely, commercially available Ber*Cl- is a



mixture of dihydrate and tetrahydrate, the structure of which have both been reported in the literature.>*
31 The crystal data of Ber*Pal was reported by us in a previous study.® Needles of Ber*Lau were very
slowly grown in water in a closed vessel. For all the other salts, monocrystals were obtained by slow
evaporation of methanol solutions and the structures were analyzed by X-ray crystallography.

In the analysis of crystal structures, particular attention was paid to the interactions that take
place between the most closely stacked fluorophores, because these interactions govern the solid-state
spectroscopic behavior. The arrangement of stacked berberine cations together with a view of the crystal
network were pictured in Figure 4. The berberine cations are not planar because of the twist induced by
the ethane group of ring B (see Figure 1). In some cases, the overlapping moieties of the stacked cations
were situated in different planes. For the delicate estimation of n-7 overlap, a plane passing through the
C and D rings of one cation was calculated and the projection of the stacked cation perpendicular to this
plane was considered. The main characteristics of the various berberine salts are listed in Table 2. The
general feature of these salts, with one exception, is that the cations were packed as antiparallel pairs.

In Ber*TPB-, the tetragonal geometry of the tetraphenylborate anion induced a particular
packing mode where cations and anions were closely intricated. The cation pairs were roughly displayed
according to two planes forming an angle of 68.4° between them. In each pair, the n-n overlap was rather
extended and the cations were quite distant from each other, seeing that they were separated by 3.6 A.
It is noteworthy that the torsion angle was only 3.6°, so that the cations were almost planar.

For the salts that contain small anions (i. e. Ber'Tos, Ber'NTf,, Ber*Cl,, Ber'%2S0,%), the
crystal structures were formed by berberine pillar units in which the berberine cations were stacked on
each other. The n-r overlap varied significantly according to the anion. The berberine pillars were
separated by anions and possibly by solvent or water molecules. For instance, Ber*Tos crystallized with
a molecule of methanol per unit cell. Each methanol molecule was linked to an oxygen atom of the
tosylate anion by a hydrogen bond. The structure of Ber*Cl.4H,0 *° retrieved from the Cambridge
database (YUJHAM) was given in Figure 4 as an illustration. The arrangement of the cations is very
close in Ber*Cl.2H,0. According to Tong et al., the main difference between the hydrates is that the
packing of Ber*Cl.4H0 is less dense than that of Ber*Cl".2H,0, because of the presence of more water
molecules in the space between the berberine pillars.3* The molecules of water were linked by a network
of hydrogen bonds, as it is also the case for Ber*%S0,%. In Ber*Cl.4H,0, one hydrogen bond took place
between a water molecule and the methoxy group of the berberine cation.

For the salts that contain organic anions with fatty chains (i. e. Ber*DS", Ber'AOT", Ber*Pal’,
Ber*Lau’), the most striking feature was that cations and anions formed distinct layers. Ber*DS" was the
only salt in which cations displayed a columnar arrangement. The dodecylsulfate anions were arranged
crosswise. Hydrogen bonds took place between one lattice water molecule and the sulfate groups of the
anions. A columnar structure was not found for the other three salts. Each cation pair was slipped with
respect to the next one, and so overlapping between the berberine structures belonging to two distinct
pairs was small. Solving the structure of Ber"AOT- was difficult because the alkyl chains of the AOT
anion were disordered. The berberine cations showed extended overlap of the aromatic rings, and the
interplanar distance was as short as 3.2 A. Regarding Ber*Pal, the arrangement of cations was quite
complex. In the dimers, the cations were arranged antiparallel, but stacked cations belonging to two
different dimers were arranged parallel. The intermolecular distance between them was only 3.3 A,
indicating strong n-m interaction. In Ber*Lau-, the berberine cations were displayed according to a
herringbone structure. The angle between the planes was around 55.8°. It is noteworthy that Ber*Lau is



the only salt where stacked cations were oriented in the same direction. The overlap was small and the
rings involved were not in parallel planes. Ber*Lau- crystal units contained four water molecules. Some
water molecules were linked with the anion via O—H---O hydrogen bonds, and hydrogen bonding also
occurred between lattice water molecules, forming a three-dimensional network structure.

Compound o (°) Orientation n- Overlap D (A)
Ber‘Tos 15.7 anti-parallel + 3.4
Ber*Pal’ a 126 anti-parallel ++ 35
) parallel ++ 3.3
Ber‘Lau 14.0 parallel ++ 3.3
Ber'DS 145 anti-parallel +H+++ 3.3
BertAOT- 15.3 anti-parallel +H++++ 3.2
Ber* %5504 P 11.2 ¢ anti-parallel +++ 3.4
Ber*Cl- b 10.0 anti-parallel ++++ 3.3
Ber*TPB- 3.6 anti-parallel +++++ 3.6
Ber*NTf, 17.5 anti-parallel ++++ 3.6

Table 2. Intramolecular torsion angle («) of berberine cations and characteristics of two stacked berberine cations
in the crystals: Relative orientation, n-r overlap and shorter distance (D). @ Data from ref. 18. ® Data from ref. 30.
¢ Average for two berberine cations in the unit cell.

~
Ber*Tos" ATASI Ber* Pal "’:d‘.‘,'

Figure 4. Crystal packing mode viewed along a (BerfAOT-, Ber*Lau’), b (Ber*ClI") and ¢ (Ber*Pal", Ber*Tos",
Bert4S047, Ber*NTf,, Ber*DS"), and unit cell of Ber*TPB-. Arrangement of stacked berberine cations for the
nine salts. The yellow color indicates the overlap of the aromatic systems. Structures of Ber*Cl- and Ber*%2S0,*
were from ref. 30, structure of Ber*Pal- was from ref. 18.

Considerations on the link between the molecular arrangement and the spectroscopic properties

The molecular arrangement of the berberine salts will now be discussed with respect to the spectroscopic
data. Regarding the position of the solid-state reflectance and emission spectra, it was noticed that very
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small overlap (Ber*Tos") is associated with spectra that are blue shifted with respect to the others. This
feature is also found for emission for Ber*Pal” and Ber*Lau’, which combine reduced n-n overlap with
special arrangement of the cation pairs. In fact, the cations of Ber*Lau were oriented parallel, and
Ber*Pal" displayed a sort of intermediate packing mode with antiparallel and parallel-displayed cations.
The excited state should therefore be less stabilized than in the other salts where cations are stacked
antiparallel.

Contrary to our expectations, the photoluminescence quantum yield was not directly related to
the n-mt overlap. Salts that present very small overlap (e.g. Ber*Tos’) could be expected to emit very
efficiently, which was not the case, while other salts with extensive n-n overlap (e.g. Ber'DS’) were
highly emissive. Similarly, parallel stacking is generally considered to be detrimental for
photoluminescence, but the effect here seems to be weak because Ber*Lau™ compared favorably with the
most emissive berberine salts and Ber*Pal- was also relatively highly emissive. It could also be thought
that excitons move more freely when the fluorophores are stacked in a columnar arrangement (e.g.
Ber*Cl,, Ber2S04%, Ber'NTf,, Ber'Tos and Ber'DS") than when they are slipped, and this leads to
weaker emission. But again, this was not observed for most of these compounds. In summary, we have
not found a satisfying correlation between solid-state emission efficiency and only one crystallographic
parameter (m-m overlap, torsion angle, intermolecular distance, density of the crystal unit, etc.) that
encompasses the whole set of compounds. The lack of simple correlation could be explained by the
difficulty of photoluminescence quantum yield measurements. The absolute values remain relatively
weak and small differences between the various salts may not be very accurate. Moreover, surface
defects and impurities are also known to strongly influence photoluminescence efficiency and, most
probably, different values would have been found using single crystals or powders prepared from
recrystallization in other solvents or by mechanical milling.*> However, the photoluminescence quantum
yield did vary sevenfold from one compound to another, and closely reflected differences between salts
that were visible to the naked eye. It is most likely that the lack of simple correlation indicates that
emission efficiency depends on various factors. Elaborate DFT calculations should be necessary to
thoroughly understand the influence of all interactions upon the spectroscopic and photophysical
properties.

However, some interesting features are emerging when comparing the compounds. It is
noteworthy that the weaker torsion angle was found for the compound (Ber*TPB") that was the less
emissive in the solid state. Possibly, the constraints exerted on the cation influence the emission of light.
Long-chained anions (Pal", Lau", AOT", DS’) tend to form distinct layers. This type of arrangement is
likely to be encountered when associating a large aromatic ion with a bulky aliphatic counter-ion." 4
For our compounds, it is systematically associated with good photoluminescence. Our study shows that
small variations of the alkyl chain length (BerfLau™ vs Ber*Pal) drastically modify the molecular
arrangement in the crystal. The structuring linear alkyl chain of Ber*Lau" is also preferable to the
branched chains of Ber*AOT". Specific interactions with anions are likely to take place. If comparing
salts that bear the same anionic group, the charge delocalization on the aromatic ring of Ber*Tos™ brings
no advantage with respect to high charge density (Ber*AOT"). With the same chain length but a different
anionic group, Ber*Lau™ and Ber*DS have different crystal packing modes, but photoluminescence is
high in both cases. For organic compounds, the carboxylate, sulfate and sulfonate groups are thus equally
suitable for photoluminescence. Finally, the hydrogen bonds formed between berberine cations and the
lattice water molecules may play a prominent role in decreasing the emission efficiency. For instance,



it was noticed that berberine chloride was much less emissive after recrystallization in water than the
pristine material. The explanation is that recrystallization in water generated the tetrahydrate compound,
while the commercial compound contains a large amount of dihydrate.

Preparation of microparticles using the reprecipitation method

With the exception of Ber*TPB-, which was weakly emissive, all the berberine salts studied above could
be used as active compounds in photoluminescent materials, with relatively close optical properties.
However, the nature of the anion may influence other properties, in particular the self-association
properties, and this could be a decisive factor in choosing the right salt. Simple experiments provide a
clear picture of how the compounds self-organize. This is the case for the reprecipitation method. In this
solvent-exchange process, a concentrated solution of organic compound dissolved in a hydrophilic
solvent is injected into a large volume of water. The organic compound precipitates in the agueous
medium due to the abrupt variation of its environment and may crystallize. The hydrophobicity of the
organic compound is therefore of paramount importance. This is the reason why this value was estimated
for the nine berberine salts before going any further. To do so, the log of the apparent octanol-water
partition coefficient, logPapp, Was measured using a shake-flask procedure with detection by UV-vis
absorption spectroscopy.* 4 The measurement is not very rigorous because water was used instead of
buffer to avoid any exchange of anions, and no correction was made. However, the logPap, values thus
obtained allowed the compounds to be roughly compared (Table 3). As expected, the salts that contained
inorganic (CI, SOs*) or small organic anions (TPB-, Tos) were hydrophilic, while those containing
AOT-, DS and NTf, were clearly hydrophobic because the hydrophobicity of the anions compensates
the hydrophilicity of the berberine cations. Ber*Lau and Ber*Pal- were found to be more hydrophilic
than expected, probably due to specific interactions of the carboxylate anion with water and to their
surfactant properties. In fact, Ber*Lau™ caused troublesome emulsions between octanol and water.

Compounds |Ber*Tos |Ber*Cl |Ber*¥2S0O,* |Ber*Pal- |Ber*Lau |Ber*TPB-|Ber* NTf, |Ber'DS |Ber*AOT"

logPapp -1.03 -0.93  |-0.67 -0.61 -0.45 -0.21 +0.19 +1.73 +1.91

Table 3. Apparent octanol-water partition coefficient logPap, Of the berberine salts, in increasing order.

Particles were then prepared. In a previous study, Ber*Pal was found to form nanofibers
spontaneously using the reprecipitation method.*8 In the present work, this method was extended to the
other eight salts of berberine. To do so, 25 pL of a concentrated solution of the berberine salts at 5 x 10
3 M in ethanol were rapidly injected in 2 mL deionized water, and the mixture was left in the dark at
room temperature and stirred for 3 hours. The yellow mixture rapidly turned cloudy and fluorescent.
The precipitate was more or less abundant according to the hydrophobicity of the salt.

The reprecipitation method is currently used for preparing aqueous suspensions of organic
micro- and nanoparticles that can subsequently be separated by ultrafiltration, dried and introduced in
materials.*® Here we chose to observe non-filtered suspensions at the end of the reprecipitation process,
and to focus on particles that can be observed by fluorescence microscopy. It must be underlined that



aqueous suspensions were observed between two glass slides, without any drying. At the concentration
used, every salt gave suspensions of microparticles (Figure 5). Ber*AOT- yielded a large amount of flat,
elongated microparticles with rounded tips that were about 15 pum long and 2 pm wide. These long
microparticles were reminiscent of those found with Ber*Pal", which were about 10 um x 2 um. Ber*DS
led to thin fibers that could be very long (between 40 and 100 um) and sometimes looked entangled.
Ber*Lau yielded a mixture of entwined ribbons and rod-like microcrystals. Heterogeneous populations
of microparticles were concomitantly observed for Ber*NTfy, i.e. bunches of fibrils (each fibril being 2
to 5 um long), diamond-shaped microcrystals, and various particles between these two species. The
particles formed by the other compounds were not as abundant. Ber*2SO.? generated both microcrystals
and fibers, while only microcrystals were observed with Ber*Cl. Ber*Tos and Ber*TPB" yielded
agglomerates of platelets and slightly elongated particles.

Under the experimental conditions used, the formation of elongated microparticles via the
reprecipitation method was therefore observed for almost all the berberine salts. These particles were
particularly abundant and regular for the most hydrophobic salts. They were particularly large for the
berberine salts that contain bulky alkyl counter-ions. In contrast, hydrophilic salts gave rare and
heterogeneous particles. The fact that elongated particles were found in almost every case, even in small
amounts, suggests that the natural tendency of the berberine salts is to give this type of particles.

Ber*Tos ‘Ber*Pal; -

Ber*%S0,%

L.\ ‘
v 20 pm

Ber*NTf,

Figure 5. Fluorescence microscopy observation of the microparticles formed with the berberine salts after
reprecipitation. Dye concentration in the mixture: 6.17 x 10° M, ethanol in water 1.2 %. For Ber*NTfy,
Ber*/2S0,% and Ber*Lau, a and b refer to two types of microparticles found in the same suspension.

According to the principles of crystal growth, fast-growing faces are the least developed. This means
that only the small face that is perpendicular to the axis of maximum elongation has grown fast.
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Consequently, this face could then be similar in every compound, and probably related to the berberine
cation. The polarity of the other faces should vary with the nature of the anion. It must also be kept in
mind that the reprecipitation conditions are very far from equilibrium. The crystallization process is fast
and the driving force is supersaturation. Since the formation of elongated microparticles is related to the
salt hydrophobicity, it could simply result from high supersaturation.

This finding is particularly interesting because controlling the formation of fluorescent
nanofibers is challenging, although remarkable attempts at rationalization have recently been made in
this field.? In fact, only a small number of organic molecules with low molecular weight spontaneously
produce nanofibers. *" % The formation of fibers is generally favored by the simultaneous presence of a
large aromatic moiety and bulky alkyl chains,* and the presence of additives is sometimes necessary.*
The present work shows that ion-exchange processes offer a new avenue for the preparation of elongated
particles from aromatic molecules that are not covalently linked to a long alkyl chain.

CONCLUSION

Berberine salts allowed us to study the effect of counter-ions upon the spectroscopic and self-association
properties of the same fluorophore. All the salts investigated were emissive in the solid state. Contrary
to some spectacular cases reported in the literature,'® % the associated anions enabled modulation of the
spectroscopic properties of berberine only to a certain extent. However, a clear conclusion is that it is
advisable to use hydrophobic organic counter-ions to ensure good spectroscopic behavior. The nature
of the anion affects the self-association properties to a greater extent. Here again, hydrophobic anions
and in particular bulky alkyl anions reinforced the natural tendency of berberine to produce elongated
particles that could be readily obtained by using a plain method such as the reprecipitation method.
Preliminary results also indicated that experimental parameters of reprecipitation may be improved to
get high-quality fibers of berberine, and drop casting was also used successfully, as will be published in
two forthcoming papers. Methods that are easy to implement can thus be used to produce nanofibers in
view of numerous applications, for example in new technology devices and in the field of fluorescent
chemical and biochemical sensors.* The same methods can be used to obtain small spherical particles
and even nanoparticles, if desired for biological applications.*® 2224 In all these cases, the choice of the
counter-ion plays a prominent role in making the most of one dye molecule with a minimum of synthesis.

EXPERIMENTAL

Materials

All compounds were used as received. Berberine (9,10-dimethoxy-2,3-methylenedioxy-5,6-
dihydrodibenzo[a,g] quinolizinium) chloride, berberine hemisulfate, lauric acid and lithium
bis(trifluoromethane)sulfonamide were purchased from Sigma Aldrich. Sodium dodecylsulfate was

from Acros. Absolute ethanol (VWR and Sigma Aldrich) and high-pressure demineralized water
(resistivity 18.3 MQ.cm) prepared with a Milli-Q apparatus (Millipore) were used as solvents.
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Synthesis of the berberine salts

Berberine palmitate (Ber*Pal’), dioctylsulfosuccinate (Ber*AOT"), tosylate (BerTos) and
tetraphenylborate (Ber*'TPB-) were prepared as previously described.'® 2* For the preparation of
berberine dodecylsulfate (Ber*DS"), berberine chloride (100 mg, 2.68 x 10 mole) was placed in 20 mL
water, and sodium dodecylsulfate (77.5 mg, 2.68 x 10* mole) was dissolved in 20 mL water. Both
solutions were gently heated until total dissolution of the salts. Upon mixing of the two hot solutions, a
precipitate formed. After cooling down, it was separated by filtration on Buchner, thoroughly rinsed
with water, and then dried under vacuum at 60°C, yielding 133.7 mg of Ber'DS" as a bright yellow
powder. The same procedure was used to prepare berberine bis(trifluoromethane)sulfonamide
(Ber*NTf) starting from 76.9 mg (2.68 x 10 mole) of bis(trifluoromethane)sulfonamide lithium salt.
A quantity of 113.6 mg Ber'NTf, was obtained.

To prepare the berberine laurate salt, lauric acid (53.8 mg, 2.68 x 10 mole) in 90 mL water was
neutralized by 10.7 mg NaOH and heated to 40°C. Mixing of this solution with an equimolar amount of
Ber*ClI" in aqueous solution at 40°C induced the formation of a precipitate that first stuck to the bottom
of the Erlenmeyer. After gentle stirring for one day at room temperature, small yellow needle-like
crystals were obtained. They were filtered on Biichner and dried under vacuum at 60°C, yielding 130
mg of Ber*Lau.

Berberine dodecylsulfate (Ber'DS). Yield: 83%. *H NMR (CDsOD): d ppm = 0.91 (t, J = 6.0
Hz, 3H, CHs), 1.30 (m, 18H, CHy), 1.66 (m, J = 6.0 Hz, 2H, CH,-CH»-SOy), 3.27 (t, J = 6.0 Hz, 2H,
H5), 3.99 (t, J = 6.0 Hz, 2H, CH,-SOy), 4.13 (s, 3H, C10-OCHs), 4.23 (s, 3H, C9-OCHs), 4.94 (t, J =
6.0 Hz, 2H, H6), 6.13 (s, 2H, O-CH-0), 6.98 (s, 1H, H4), 7.68 (s, 1H, H1), 8.02 (d, J = 9.1 Hz, 1H,
H12), 8.14 (d, J = 9.1 Hz, 1H, H11), 8.72 (s, 1H, H13), 9.78 (s, 1H, H8). Anal. calc. for
Cs2HasNOgS.%2H,0: C, 63.93; H, 7.26; N, 2.29. Found: C, 63.48; H, 7.17; N, 2.59. ES-MS: [M]* = 336.3;
[M] = 265.5.

Berberine laurate (Ber*Lau’). Yield: 85%. *H NMR (CDs;OD): & ppm = 0.91 (t, J = 6.6 Hz, 3H,
CHj3), 1.30 (m, 16H, CHy), 1.60 (m, J = 7.5 Hz, 2H, CH,-CH»-COO), 2.16 (t, J = 7.5 Hz, 2H, CH-
C00), 3.27 (t, J = 6.4 Hz, 2H, H5), 4.13 (s, 3H, C10-OCHs), 4.23 (s, 3H, C9-OCHs), 4.94 (t, J = 6.4
Hz, 2H, H6), 6.13 (s, 2H, O-CH-0), 6.98 (s, 1H, H4), 7.68 (s, 1H, H1), 8.02 (d, J = 9.1 Hz, 1H, H12),
8.15 (d, J = 9.1 Hz, 1H, H11), 8.73 (s, 1H, H13), 9.79 (s, 1H, H8). Anal. calc. for Cz;H41NOs.2H,0: C,
67.22; H, 7.93; N, 2.45. Found: C, 67.58; H, 8.09; N, 2.80. ES-MS: [M]* = 336.4; [M] = 199.6.

Berberine bis(trifluoromethane)sulfonamide (Ber*NTf,). Yield: 69%. *H NMR (CD3OD): &
ppm = 3.25 (t, J = 6.0 Hz, 2H, H5), 4.11 (s, 3H, C10-OCHs), 4.20 (s, 3H, C9-OCHg), 4.92 (t, J = 6.0
Hz, 2H, H6), 6.11 (s, 2H, O-CH-0), 6.96 (s, 1H, H4), 7.66 (s, 1H, H1), 7.99 (d, J = 9.0 Hz, 1H, H12),
8.12 (d, J=9.0 Hz, 1H, H11), 8.70 (s, 1H, H13), 9.76 (s, 1H, H8). *°®F NMR (CD30OD):  ppm = -80.68.
(s, CF3). Anal. calc. for Cx2H1sFsN2OsS2: C, 42.86; H, 2.94; N, 4.54. Found: C, 42.34; H, 2.70; N, 4.36.
ES-MS: [M]* = 336.1; [M] = 279.9.

Crystallographic data

Crystal data were collected at low temperature (193K) on a Bruker-AXS SMART APEX Il
diffractometer (Ber*Lau’) and on a Bruker AXS Quazar APEX Il diffractometer (Ber*fAOT", Ber*Tos’,
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Ber'TPB", Ber'DS’, Ber" NTf.) using a 30 W air-cooled microfocus source (ImS) with focusing
multilayer optics using MoKa. radiation (wavelength = 0.71073 A). Phi- and omega-scans were used.
The structures were solved by direct methods (ShelXS-97) or using an intrinsic phasing method
(ShelXT).*" 32 All non-hydrogen atoms were refined anisotropically using the least-square method on
F22 ORTEP molecular views are given in Figures S4 to S8 (Supplementary Information).
Crystallographic data are given in Table 4. CCDC supplementary crystallographic data for the structures
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or for the CCDC, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +441223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Apparatus and methods

Mass and NMR spectra were obtained in the relevant ‘Services communs de I’Institut de Chimie de
Toulouse, Université Toulouse 111 Paul-Sabatier’. Protons were numbered according to literature data
(see Figure 1).2° Mass spectra were recorded using a Waters LCT and a Waters Q TOF premier
spectrometer using the electrospray ionization technique. The *H NMR and °F NMR spectra were
recorded on a Bruker AC300 spectrometer operating at 300.13 and 282.18 MHz, respectively. The
microanalyses were performed with an EA1112 elemental analyzer from CE instruments in the ‘Service
inter-universitaire de microanalyses de ’ENCIACET’ and a Perkin Elmer 2400 elemental analyzer in
the ‘Service d’Analyse Chimique du Laboratoire de Chimie de Coordination de Toulouse’.

For solid state measurements, the diffuse reflectance spectra of the powders were measured with
a Perkin-Elmer 860 Spectrophotometer equipped with a 15 cm diameter integrating sphere bearing the
holder in the bottom horizontal position. They were recorded at room temperature in steps of 1 nm, with
a bandwidth of 2 nm. The instrument was calibrated with a certified Spectralon white standard
(Labsphere, North Sutton, USA). The Kubelka—Munk model described light penetration in
homogeneous and optically thick media with only two parameters: an absorption coefficient K and
anisotropic scattering coefficient S (both in cm™).% This model allowed us to deduce that there was a
simple relationship between the reflectance at “infinite thickness” R.. and the absorption and scattering
coefficients: F (R.) = (1-R)2 / 2R, = K/S. For materials where the dye did not aggregate and did not
fluoresce, the law could be applied, so that K was the dye absorptivity (¢ in M~lcm™) scaled by the
effective concentration C (M). The K/S ratio was then equal to K/S = (¢ x C)/S. Solid state
photoluminescence quantum yields were recorded on a SAFAS Xenius spectrofluorometer equipped
with a BaSQ, integrating sphere and a Hamamatsu R2658 detector. Solid samples were deposited on a
metal support and luminescence spectra were corrected. The absolute photoluminescence quantum yield
values (®@p) were determined by a method based on the one developed by de Mello et al.>* The excitation
source was scanned in order to evaluate the reflected light for the empty sphere (La), the samples facing
the source light (L) and the sample out of the irradiation beam (Lb). The fluorescence spectra were
recorded with the sample facing the source light (Ec) and out from the direct irradiation (E,). The PM
voltage was adapted to the measurement of reflected light and emission spectra, respectively, and proper
correction was applied to take into account the voltage difference. The @p values were then calculated
using the formula:

Pp=E.—(1-0a)Es/ Laa

with a =1- L. /L. The error was estimated to be about 20%.

13



Compound

Empirical formula

Formula weight
Crystal system

Space group

Unit cell dimensions
a(A)

b (A)

c (A)

a (%)

B ()

Y (®)

Volume (A3)

z

Crystal size (mm?®)
Reflections collected
Independent reflections
Rint
Parameters/Restraints
Final Ry index 1>20(1)
WR2 all data

Largest diff. peak and hole
(eA3)
CCDhC

Ber*tAOT-

Ca0H1eNO4*.
Ca0H3707S
757.91

Triclinic
P1

8.296(3)
10.559(4)
22.575(8)
87.070(18)
89.387(16)
82.151(19)
1956.4(12)

2

0.16 x 0.04 x 0.01
36770

6363

0.2093

626/456

0.0851

0.2592

0.425 and -0.524

CCDC1481156

Ber*Tos

CooH1eNO,".
C/H;035.CH,O
539.58

Triclinic
P1

7.1974(5)
12.5766(10)
14.1544(11)
78.981(5)
87.111(5)
83.558(5)
1249.13(16)

2

0.60 x 0.06 x 0.06
20682

4692

0.0507

348/0

0.0449

0.1204

0.329 and -0.364

CCDC1481157

Ber*TPB-

CooH1eNO,*
.C24H20B"
655.56

Monoclinic
P2i/c

13.2946(12)
11.5487(10)
22.664(2)

9

101.108(5)

90

3414.5(5)

4

0.20 x 0.15 x 0.12
66154

8426

0.0616

486/85

0.0492

0.1235

0.237 and -0.311

CCDC1481158

Ber*Lau

C2oH1sNO4".
C12H2302.4H,0
607.72

Monoclinic
P21/n

11.3010(5)
6.6661(3)
43.6661(19)

90

96.490(3)

90

3268.4(3)

4

0.40 x 0.05 x 0.02
41622

6626

0.1974

514/384

0.0565

0.1330

0.177 and -0.192

CCDC1481159

Ber*DS

C2oH1sNO4".
C12H25S04.%2H,0
610.74

Monoclinic
C2lc

43.206(9)
7.0750(16)
22.126(5)

90

111.687(12)

90

6285(2)

8

0.80 x 0.06 x 0.01
27802

5285

0.1333

502/433

0.0910

0.2611

0.398 and -0.283

CCDC1481160

Ber* NTf,

CooH1eNO4".
CoFeNO4Sy
616.50

Triclinic
P1

7.9779(4)
14.2778(7)
21.8106(11)
86.203(2)
80.015(2)
89.901(2)
2441.3(2)

4

0.60 x 0.40 x 0.30
35296

10615

0.0208

725/0

0.0417

0.1160

0.461 and -0.568

CCDC1481161

Table 4. Crystallographic data
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To measure the apparent octanol-water partition coefficient log Pagp, each berberine salt was
carefully dissolved in water-saturated n-octanol, the solutions were filtered and the initial absorbance A;
was measured. Concentrations were between 1.7 x 10° M and 2.2 x 10* M according to the salt. For
most of the salts, a given volume of octanol solution was then added to the same volume of water. For
Ber*SD™ and Ber*AOT", the volume of water V,, was ten times that of octanol V.. After 24h stirring in
the dark at room temperature, the absorbance of the organic phase at equilibrium Aeq was measured. The
partition coefficient value log Pap, was calculated as: 109 Pagp = 109 ((Aeq / [Ai - Aeq]) . Vil Vo).

The size and shape of micro/nanoparticles were observed with Zeiss Axioskop and Leitz
Laborlux D fluorescence microscopes equipped with an Andor Luca camera. The excitation wavelength
was 435-450 nm and the emission wavelength was set at around 500-530 nm, using suitable filters.
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