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ABSTRACT:We report on the mechanochemical synthesis of
inclusion complexes obtained by reacting� -cyclodextrin (� -CD)
with two widely used sunscreens, namely, avobenzone (AVO) and
octinoxate (OCT). Formation of crystalline inclusion complexes was
con� rmed via a combination of solid-state techniques, including X-
ray di� raction (XRD), Raman, and ATR-FTIR spectroscopies. A
new, metastable polymorph of avobenzone was also isolated and
characterized. NMR spectroscopy and thermal analyses (TGA and
DSC) allowed us to evaluate the host/guest ratio and the water
content (ca. 8H2O) in crystalline (� -CD)2·AVO and (� -CD)3·
OCT2. Photodegradation of the two sunscreens upon inclusion in
the hydrophobic cavity of� -CD was evaluated in solution via mass
spectrometry (ESI-MS) and UV� vis spectroscopy and found to be
sharply reduced. All� ndings indicate that the inclusion of AVO and
OCT in � -CD might represent a viable route for the preparation of environmentally friendly sunscreens with improved
photostability to be used in formulations of sun creams.
KEYWORDS:Avobenzone, Octynoxate, Sunscreens, Cyclodextrins, Inclusion complexes, Mechanochemistry

� INTRODUCTION

Sun protection is widely used and valued for its importance in
skin protection, as it can help in preventing skin cancer and
photoaging, along with all the in� ammatory e� ects that solar
radiation can cause. It is well known that when UV radiation
penetrates the stratum corneum, it can give rise to short-
termed symptoms as well as long-term diseases.1,2 It
accelerates skin aging, promoting the formation of reactive
oxygen species3 and can cause DNA damage, erythema,
in� ammatory e� ects, pigment darkening, immunosuppression,
reduced vitamin D production, and carcinogenesis.4,5 It is thus
of fundamental importance to e� ciently protect the skin
during sun exposure.

Ideally, a good sunscreen should be protecting from UVA
and UVB light, should be photostable, and should not
penetrate under the skin in order to avoid secondary e� ects.
Furthermore, when a fraction of the active agents present in a
sun cream is absorbed by the stratum corneum, its e� cacy and
protector factor are lowered, as the same concentration of UV
� lter is not maintained during the time of usage. Moreover, it
should be easy to apply, anti-irritating, transparent to visible
light (i.e., invisible on the skin), and subject to approval by the
local regulatory agency.4 Finally, it should not be harmful for
the environment and wildlife when it is dispersed in natural
waters.

Since none of the available sun creams satisfy all these
requirements, many preparative e� orts are being made toward
formulations that better mimic an ideal sunscreen composition,
in terms of components of the� nal product and of UV� lters
used as active agents.6,7

One of the biggest issues with organic UV� lters is
photostability, as it has been proved that under UV radiation
some� lters undergo cis� trans photoisomerization, keto� enol
tautomerization or fragmentation reactions,8 thus losing
e� cacy;3,4,8� 10 in addition to this, they can also promote
undesirable reactions or chemically interact with the skin.11� 13

The avobenzone and octinoxate� lters (Scheme 1), which
absorb mainly in the UVA and UVB regions, respectively, are
among the most widely used and e� cient� lters added to sun
creams, but they easily photodegrade and interact with one
another via photocyclization,9,11,14� 19 forming byproducts that
either absorb in a di� erent UV range or present a lower molar
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absorption coe� cient. In particular, octinoxate undergoes
photoisomerization from E-octinoxate to Z-octinoxate, where
the former isomer is the desired component in sunscreens, as it
is characterized by a higher molar absorption coe� cient in a
number of solvents.14 For avobenzone, instead, photostability
is highly dependent on the polarity and proticity of the
solvent;16,20,21 it is usually found as a physical mixture of the
keto and the enol forms but, upon irradiation, transforms into
the pure diketo form, which absorbs in the UVC range.8

Moreover, avobenzone degrades to radical fragments.8,20,22

New formulations need to be proposed with high and
constant photoprotection e� ciency for the lifespan of the sun
cream. It is of common use in the pharmaceutical� eld to
adjust the photostability of a formulation by means of
additives, e.g., esters or polymer matrices,23� 26 or additional
UV � lters.27 The new components, however, might impact on
the photoreactivity of the original� lter or on the environ-
ment.9,28 In recent years, a number of sunscreens have been
proved to be harmful for corals and sea life,29� 31 as sun creams
applied on human skin can be washed o� in natural water or in
the shower or it can be absorbed by the skin and excreted with
urine.27,32 This recently led some islands (Palau,33 Hawaii,34

and Virgin Islands, among others) to take action and ban a
series of UV� lters starting in 2020.35� 37 UV � lters are
considered to contribute to coral bleaching, depression of the
coral reproductive system, and damage and deformation of
coral larvae,29 and their action is worsened in warm waters.
They can also be found in marine biota including� sh and
molluscs, a� ecting their endocrine system and inducing
reproductive pathologies.38,39 It is estimated that between
6000 and 14,000 tons of sunscreens are washed into the oceans
every year, with 10% of global coral reefs being at risk of
exposure.40 Also, sun creams are not the only relevant cause of
contamination, as UV� lters are added also to lip balms,
moisturizers, shampoos, and other cosmetic products.3,41

Encapsulation or addition of antioxidants are among the
solutions proposed by researchers for the stabilization of
photosensitive drugs.7,42 Research on encapsulation is mainly
focused on cyclodextrins, which are known to form a great
number and variety of inclusion compounds, being at the same
time not expensive and unharmful to the environment.

Cyclodextrins are cyclic oligosaccharides with a variable
number of glucose units, generally 6 (� -cyclodextrins), 7 (� -
cyclodextrins), or 8 (� -cyclodextrins), bonded via� -1,4
glycosidic bonds. They possess a hydrophilic surface that
makes them soluble in water, and a hydrophobic cavity, which
can be� lled by relatively small and apolar organic molecules.

As a result of these properties, cyclodextrins have been widely
employed as drug carriers in the pharmaceutical� eld and have
been investigated for applications in the food industry and in
the environmental43,44 and cosmetics sciences.

Encapsulation of sunscreens in cyclodextrins has been
investigated in the last decades,45� 47 and stable inclusion
complexes have been obtained with useful applications in many
� elds, ranging from cosmetics20,21,48 to inks technology49 and
fabrics,50 with enhanced properties of the included� lters with
respect to photostability, water solubility, and skin penetration;
they can prevent the permeation of UV� lters in the stratum
corneum and keep a more constant protection factor at the
skin surface.1,12,51,52

In the present work, we report on the preparation by
mechanochemical methods53 of � -cyclodextrin (� -CD) in-
clusion complexes with the sunscreens avobenzone (AVO) and
octinoxate (OCT) (Scheme 2).

The products are both hydrates with an approximate content
of eight water molecules; for sake of conciseness, however,
throughout this work, they will be indicated with the formulas
(� -CD)2·AVO and (� -CD)3·OCT2. The two compounds were
fully characterized by a combination of techniques, including
X-ray di� raction (XRD), thermogravimetric analysis (TGA),
NMR, and FTIR and Raman spectroscopies; the photostability
of avobenzone and octinoxate encapsulated within the� -
cyclodextrins was evaluated via mass spectrometry (MS) and
UV� vis spectrophotometry and found to be strongly enhanced
with respect to the unprotected molecules. A new, metastable
polymorph of avobenzone, Form II, was also isolated and
characterized, which is monotropically related to the
commercially available Form I.

This study would have an immediate impact on the
formulation of sun creams by (i) improving the photostability
of the two e� cient UV � lters via inclusion in a harmless

Scheme 1. Schematic Representation of Reagents Used in
This Work: UVA Filter Avobenzone (AVO), UVB Filter
Octinoxate (OCT), and� -Cyclodextrin (� -CD)

Scheme 2. Syntheses (Water as Liquid Medium) and
Characterization Techniques Employed for the Inclusion
Compounds Discussed in This Work
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excipient as� -cyclodextrin, (ii) possibly reducing the stratum
corneum permeation, and (iii) maintaining constant the
concentration of the UV� lters at skin level, thus reducing
the amount of sun cream to be used, with a positive impact on
the environment. The mechanochemical preparation of these
inclusion compounds also complies with the principles of
green chemistry.

� EXPERIMENTAL SECTION
Materials. All reagents were purchased from Sigma-Aldrich and

used without further puri� cation. Double distilled water and reagent
grade solvents were used. All solid materials were preliminarily
screened for chemical and crystal phase purity via XRPD analysis. In
the di� raction pattern of the commercial form of avobenzone, an extra
peak was detected at a low angle (seeFigure SI-5) that could not be
attributed to the known Form I (CSD refcode WEBGAL). This
prompted us to perform a polymorph screening for avobenzone,
which allowed us to identify, isolate, and characterize the new,
metastable Form II (Supporting Information).

Synthesis.Mechanochemical Synthesis.The inclusion complex
(� -CD)2·AVO was obtained by ball milling� -CD·10H2O (89.44 mg,
0.068 mmol) and avobenzone (10.55 mg, 0.034 mmol) with the
addition of a few drops of water for 60 min at 20 Hz in an agate jar.
The same procedure was employed to prepare the inclusion complex
(� -CD)3·OCT2, starting from 3:2 physical mixtures of� -CD·10H2O
(87.16 mg, 0.066 mmol) and octinoxate (12.83 mg, 0.044 mmol).

Slurry.Powders of the inclusion complexes suitable for the Pawley
re� nement were obtained through slurry experiments. Water was
added dropwise to a physical mixture of� -CD·10H2O and
avobenzone (10.55 mg, 0.034 mmol) weighed in a 2:1 stoichiometry.
When a suspension was obtained, the addition of water was
interrupted; the suspension was then stirred for 10 days at ambient
conditions, then� ltered under vacuum. A pure inclusion complex was
recovered as a white powder. The same procedure was employed to
prepare the inclusion complex (� -CD)3·OCT2, starting from a 3:2
physical mixture of� -CD·10H2O and octinoxate.

Single Crystal Growth.Growth of crystals of both inclusion
complexes was attempted by liquid� liquid di� usion of a solution
containing � -CD in distilled water and a solution containing
avobenzone or octinoxate in ethyl acetate. Single crystals suitable
for XRD were obtained only for the avobenzone� -CD inclusion
complex, (� -CD)2·AVO.

X-ray Di� raction. Single Crystal X-ray di� raction.Single-crystal
data for avobenzone Form II were collected at RT with an Oxford
X’Calibur S CCD di� ractometer equipped with a graphite
monochromator (Mo K� radiation,� = 0.71073 Å). Data for the
inclusion complex (� -CD)2·AVO were collected at low temperature
(100 K) on a Bruker D8 Venture di� ractometer equipped with a
PHOTON III detector, a I� S 3.0 microfocus X-ray source (Cu K�
radiation,� = 1.54056 Å), and a cryostat Oxford CryoStream800. The
structures were solved by intrinsic phasing with SHELXT5 and re� ned
on F2 by full-matrix least-squares re� nement with SHELXL
implemented in the Olex2 software.6 All nonhydrogen atoms were
re� ned anisotropically. HCH atoms for all compounds were added in
calculated positions and re� ned riding on their respective carbon
atoms. Data collection and re� nement details are listed inTable S1.
The guest avobenzone and the disordered water molecules in the
structure of (� -CD)2·AVO could not be unambiguously determined
because of severe disorder; therefore, their contribution to the
calculated structure factors was removed by using the Solvent Mask
function implemented in the Olex2 software.54 The program
Mercury55 was used to calculate the powder patterns from single
crystal data and for molecular graphics. Crystal data can be obtained
free of charge viawww.ccdc.cam.ac.uk/conts/retrieving.html(or from
the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223� 336� 033; or e-mail:
deposit@ccdc.cam.ac.uk). CCDC numbers 1990013� 1990014.

Powder X-ray Di� raction. For phase identi� cation purposes,
XRPD patterns were collected on a PANalytical X�Pert Pro

Automated di� ractometer equipped with an X�celerator detector in
Bragg� Brentano geometry, using Cu K� radiation (� = 1.5418 Å)
without a monochromator in the 3°� 40° 2� range (step size, 0.033°;
time/step, 20 s; soller-slit, 0.04 rad; antiscatter slit, 1/2; divergence
slit, 1/4; 40 mA; 40 kV). The program Mercury55 was used for
simulation of XRPD patterns on the basis of single crystal data
determined in this work or retrieved from the CSD.56 Chemical and
structural identities between bulk materials and single crystals were
always veri� ed by comparing experimental and simulated powder
di� raction patterns (Supporting Information). For Pawley re� nement
purposes, XRPD patterns were collected on a PANalytical X’Pert
PRO automated di� ractometer with transmission geometry, equipped
with a focusing mirror and pixcel detector, in the 2� range 3°� 70°
(step size, 0.02608; time/step, 200 s; soller-slit, 0.02 rad; 40 kV; 40
mA). Powder di� raction data were analyzed with the software
TOPAS4.1.57 A shifted Chebyshev function with eight parameters was
used to� t the background; see theSupporting Informationfor
di� erence pattern plots and the associated Figures of Merit (FOM).

1H NMR Spectroscopy.1H NMR spectra were recorded on a
Varian INOVA 400 (400 MHz) spectrometer; the solvent used was
dimethyl sulfoxide-d6 (DMSO-d6), bought from Sigma-Aldrich. All
solutions were prepared with polycrystalline samples obtained via
slurry. Chemical shifts are reported in ppm, with tetramethylsilane as
the internal reference standard.

Raman Spectroscopy.Raman spectra were recorded on a Bruker
MultiRam FT-Raman spectrometer equipped with a cooled Ge-diode
detector. The excitation source was a Nd3+-YAG laser (1064 nm) in
the backscattering (180°) con� guration. The focused laser beam
diameter was about 100� m, and the spectral resolution was 4 cm� 1.
The spectra were recorded with a laser power at the sample of about
60 mW.

IR Spectroscopy.Attenuated total re� ectance Fourier transform
IR (ATR-FTIR) spectra were obtained using a Bruker Alpha FT-IR
spectrometer. For the inclusion complexes, ATR-FTIR spectra were
run on polycrystalline samples obtained via slurry, while for all the
reactants measurements were run on the commercially available
products.

Thermogravimetric Analysis (TGA).TGA measurements on all
samples were performed with a PerkinElmer TGA7 thermogravi-
metric analyzer in the 30� 400°C temperature range under an N2 gas
� ow and at a heating rate of 5.00°C min� 1.

Di� erential Scanning Calorimetry (DSC).DSC traces were
recorded using a PerkinElmer Diamond di� erential scanning
calorimeter. All samples [10 mg of� -CD, avobenzone, octinoxate,
(� -CD)2·AVO and (� -CD)3·OCT2] were placed in open Al pans. All
measurements were conducted in the 40� 200°C temperature range
at a heating rate of 5.00°C min� 1.

Hot Stage Microscopy.Hot stage experiments were carried out
using a Linkam TMS94 device connected to a Linkam LTS350
platinum plate and equipped with polarizing� lters. Images were
collected with the imaging software Cell from an Olympus BX41
stereomicroscope.

UV� Vis Spectroscopy.UV� vis spectra were recorded with an
Agilent Cary 60 UV� vis spectrophotometer. All solid samples were
dissolved in a water/acetonitrile (50/50) solvent mixture at a
concentration of 0.028 mM.

Mass Spectrometry.Mass spectra were recorded on a EVO G2-
XS QTOF in positive mode. Solutions of inclusion complexes,
avobenzone, and octinoxate were prepared in a 50:50 water:-
acetonitrile solvent mixture HPLC grade, with a concentration of 5
mM for the inclusion complexes and 56 mM for avobenzone and
octinoxate. The former was� rst dissolved in water. Then, acetonitrile
was added in order to prevent the disassembling of the host/guest
system, while the two UV� lters were� rst dissolved in acetonitrile,
and then, water was added.

� RESULTS AND DISCUSSION

Inclusion Complexes: Synthesis and Solid-State
Characterization. We have focused our attention on the

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c02735
ACS Sustainable Chem. Eng.2020, 8, 13215� 13225

13217

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c02735/suppl_file/sc0c02735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c02735/suppl_file/sc0c02735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c02735/suppl_file/sc0c02735_si_001.pdf
www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c02735/suppl_file/sc0c02735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c02735/suppl_file/sc0c02735_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c02735?ref=pdf


preparation of the inclusion complexes via mechanochemistry
and slurry. To this end,� -cyclodextrin and avobenzone or
octinoxate were ground together in 1:1 and 2:1 molar ratios
with (kneading) and without (grinding) a catalytic amount of
water. The grinding process was not successful, as it always
resulted in a physical mixture of the reagents. The kneading
process, on the contrary, yielded new solid forms: in the case of
AVO, a mixture of a new phase and AVO was obtained for a
1:1 stoichiometric ratio, while a pure phase was obtained with
a 2:1 stoichiometric ratio (Figure 1).

When� -CD and AVO were kneaded in a 1:1 stoichiometric
ratio, the resulting polycrystalline powders contained, invar-
iably, a mixture of a new phase, i.e., the inclusion complex, and
AVO. On the other hand, pure phases were obtained only
when the kneading was repeated in a 2:1 stoichiometric ratio.
This strongly suggests the formula (� -CD)2·AVO for the
inclusion complex; the degree of hydration was assessed via
thermal analysis (see below).

Unfortunately, similar reasoning cannot be applied to
octinoxate (see theSupporting Informationfor details of the
reaction between OCT and� -CD), which is liquid and not
detectable as an unreacted substance via X-ray di� raction. The
stoichiometric ratio and water content, however, were
successfully determined via spectroscopic methods and thermal
analysis (see below).

Polycrystalline samples of fairly good quality for XRPD
could be obtained via slurry (see theExperimental Sectionfor
details); similar unit cell parameters could be obtained for both
inclusion compounds in the C2 space group (see the
Experimental SectionandSupporting Informationfor details),
suggesting that, upon encapsulation of the sunscreens, the� -
CD molecules adopt a common channel-type structure (see
Figure 2 for the case of (� -CD)2·AVO) able to host
avobenzone and octinoxate molecules. This is in agreement
with what was reported in the work by Caira58,59 on
isostructural series: within each series, regardless of the
guest, the packing arrangement of the� -CD molecules is the
same, with almost identical unit cell parameters and fairly
superimposable XRPD patterns. Our inclusion complexes fall
in the C2 isostructural series. Similar conclusions can be drawn

for (� -CD)3·OCT2. If � -CD was crystallized in the absence of
AVO or OCT, however, only monoclinic P21 crystals,
corresponding to the hydrated form of� -CD, were invariably
obtained.

The � -CD:sunscreen ratio in the two inclusion complexes
was assessed by solution1H NMR spectroscopy. On the basis
of the relative integration of some diagnostic peaks for� -CD,
AVO, and OCT (Supporting Information), the two inclusion
complexes can be formulated as (� -CD)2·AVO and (� -CD)3·
OCT2. It is worth noting that a 2:1 stoichiometry was reported
also for an inclusion complex of (2-hydroxy)propyl-� -cyclo-
dextrin with avobenzone.60 However, conclusive evidence of
the water conten could not be obtained by this spectroscopy.

Thermal analyses, TGA and DSC, provided further evidence
for the encapsulation products and were successfully employed
to evaluate their water content. Avobenzone and octinoxate are
stable up to 280 and 240°C, respectively, while the TGA trace
for hydrated� -CD shows a loss of weight, corresponding to
dehydration, in the 40� 80°C range and complete degradation
starting at ca. 300°C. The two� -CD inclusion complexes are
hydrated: a weight loss corresponding to ca. eight water
molecules can be evaluated for both complexes, which are then
stable up to ca. 300°C. This indicates that inclusion of the UV
� lters into� -CD enhances their thermal stability, and their
degradation is concomitant to that of� -CD (Supporting
Information). Properties like melting, evaporation, or sub-
limation points of guest molecules are expected to vary

Figure 1.Comparison of the XRPD patterns for (a)� -CD, (b) AVO,
(c) the product of the 2:1 grinding process, and (d) the product of
the 2:1 kneading process (with water).

Figure 2. (a, top) Molecular structure of� -CD and (a, bottom)
crystal packing of (� -CD)2·AVO showing the channel-like structure
formed by the host molecule and extending along thec-axis. (b)
Scheme of positional disorder for AVO (orange and blue molecules)
within the� -CD hosts (light blue) likely to occur in (� -CD)2·AVO. H
atoms and water molecules omitted for clarity.
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substantially upon encapsulation by� -CD molecules.61� 65 In
the case of (� -CD)2·AVO, this behavior is particularly evident
from the DSC trace, as no endothermic peak is observed up to
decomposition, while pure avobenzone melts at 87 and 76°C
for Forms I and II, respectively (Supporting Information). On
the other hand, for the octinoxate, which is liquid at ambient
conditions, DSC measurements cannot be used to support the
inclusion phenomenon. However, analogously to what was
observed for (� -CD)2·AVO, the DSC trace for the (� -CD)3·
OCT2 inclusion complex (Supporting Information) shows a
broad peak in the range of 50� 90 °C, corresponding to the
dehydration process.

To unambiguously con� rm the host/guest ratios, we also
attempted to grow single crystals for both (� -CD)2·AVO and
(� -CD)3·OCT2. Unfortunately, we succeeded only with the
former, although crystals were tiny and poorly di� racting.
Single crystal analysis con� rmed the unit cell parameters and
the monoclinic C2 space group previously determined via
powder di� raction, but we were unable to fully model the
structure, because of the static and dynamic disorders a� ecting
the avobenzone molecule inside the hydrophobic cavity of� -
CD, which, on the other hand, could be easily located and
successfully re� ned. The cyclodextrin molecules in crystalline
(� -CD)2·AVO are packed in a channel-like structure (Figure
2), also observed in other complexes that crystallize in the
same C2 isostructural series.66� 68 These disorder features
inside the cavity of� -CD are supported by the following: (i)
Both avobenzone Form I (CDS refcode WEBGAIL) and the
new Form II experience disorder of the t-butyl moieties. (ii)
Solution 1H NMR measurements clearly show how pure
avobenzone exhibits keto� enol tautomerization (Supporting
Information). (iii) The volume of the� -CD cavity is large
enough that rotation around the avobenzone main axis might
also take place (seeFigure 2for a representation of the

resulting disorder). Analogous behavior is expected for OCT in
(� -CD)3·OCT2.

Raman and IR Spectroscopy.To additionally prove
encapsulation of the sunscreens and to gain more insights
about the potential keto� enol tautomerization of the
avobenzone that might occur within (� -CD)2·AVO, we also
performed detailed Raman and IR studies.Figure 3reports the
Raman spectra of (� -CD)3·OCT2 as obtained via slurry,� -CD,
and octinoxate.

As also detailed inTable SI-2, in the spectrum of the
inclusion compound, the bands of both the components were
observed, and several spectral features appeared shifted in
wavenumber position and changed in relative intensity with
respect to pure components. The main bands of octinoxate
that underwent changes are indicated and are assigned69 to
C� O stretching (at about 1710 cm� 1), exocyclic C� C
stretching (at about 1635 cm� 1), ring stretching (at about
1605 and 1575 cm� 1), ester and methoxy C� O stretching (at
about 1265� 1250 cm� 1, with change in band pro� le), and CH
bending (at about 1170 cm� 1). The relative intensity of the
bands at about 1635� 1605 cm� 1 changed a little; a similar
behavior as well as a shift of the C� O stretching band have
been reported upon dissolution of octinoxate in solvents of
di� erent polarities.69 Therefore, the trend of the spectra
indicates a change in the environment experienced by
octinoxate upon formation of the inclusion compound. The
variations in the ring stretching region suggest that also
changes in van der Waals and hydrophobic interactions could
have occurred. As also detailed inTable SI-2, several bands
assignable to� -CD underwent shifts as well as changes in
relative intensity and spectral pro� le; the main ones are
indicated inFigure 3and are assigned to CH stretching (at
about 2940 and 2905 cm� 1, change in the band pro� le), CH
bending (at about 1385 cm� 1), OH in plane bending (at about
1330 cm� 1), coupled CC and CO stretching (in the 1030�

Figure 3.Raman spectra of the (� -CD)3·OCT2 inclusion complex, octinoxate, and� -CD. For sake of clarity, the main bands of octinoxate and� -
CD that underwent changes upon formation of the inclusion compound are indicated with O and B, respectively.
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1050 cm� 1 range), and ring and skeletal vibrations (in the
300� 600 cm� 1 range).70 In the latter range, a band at 535
cm� 1 appeared; it is probably ascribable to� -CD, in view of
the fact that it appeared also in the spectrum of the inclusion
compound with avobenzone (see below). The discussed trends
showed the occurrence of interactions between octinoxate and
� -CD, which is con� rmed by the comparison between the
spectra of the inclusion compound and the 3:2 physical
mixture (Figure SI-14). The latter spectrum closely resembles
the sum of the individual spectra of the guest and host
molecules (Figure SI-15). The spectrum of the inclusion
complex is di� erent from that of the 3:2 physical mixture in the
same ranges as described above in the text. Moreover, it is
interesting to note that the bands assignable to the ring and
skeletal vibrations of� -CD appeared strengthened. The IR
spectrum of (� -CD)3·OCT2 con� rmed the above-reported
Raman� ndings, asFigure SI-16shows the bands of both
octinoxate and� -CD components. Several bands of both host
and guest molecules underwent wavenumber shifts upon
formation of the inclusion compound, mainly in the same
spectral ranges previously observed in Raman spectra.

Figure 4reports the Raman spectra of (� -CD)2·AVO,� -CD,
and avobenzone. As also detailed inTable SI-3, in the
spectrum of the inclusion compound, the bands of both the
components were observed. Upon formation of the inclusion
compound, several bands assignable to both components
changed in wavenumber position, relative intensity, and
spectral pro� le.

The main bands assignable to avobenzone that underwent
changes are indicated inFigure 4. New bands assignable to this
component appeared (see, for example, the band at 1683
cm� 1), while others disappeared or noticeably decreased in
intensity, due to the interaction with� -CD. In dibenzoyl-
methane, taken as the model compound, the band at about
1600 cm� 1 has been assigned to C� O stretching69,71 or ring
stretching coupled to C� C� C� O asymmetric stretching72

and may be attributed accordingly to pure avobenzone. This
low wavenumber value, lower than those for benzoylacetone
and acetylacetone, may be explained by considering that
phenyl groups determine an enhancement of� -electron
conjugation in the enol ring.72 The appearance of the band
at 1683 cm� 1 in the spectrum of the inclusion compound
suggests that a certain amount of the diketo tautomer formed
inside the cavity of the� -CD. Actually, according to the
literature on� -diketones,73 a band in the 1800� 1650 cm� 1

range has been identi� ed as a marker of the� -diketone form of
curcumin;74,75 the blue shift of this band with respect to the
enol form may be explained by considering that the CO bond
strengthens and thus shifts to higher wavenumbers upon loss
of conjugation. As detailed inTable SI-3, upon formation of
the inclusion complexes, other changes in the avobenzone
bands concern several vibrational modes (Figure 4): aromatic
CH stretching (at about 3070 cm� 1), ring stretching coupled
to C� C� C� O and OH bending (1560� 1500 cm� 1

range),69,72 C� O stretching (at about 1300 cm� 1),69 methoxy
C� O stretching (at about 1260� 1230 cm� 1),69 C� O� C
methoxy bending (at about 1200 cm� 1),69 CH bending and
CO stretching (at about 1170 and 1110 cm� 1),69,72 and CH
out-of-plane bending and ring deformation (780� 700 cm� 1

range).72 A certain broadening of several bands was observed
upon formation of the inclusion compound. Also the bands of
� -CD underwent some changes. The main ones occurred in
the same spectral ranges above cited and are indicated in
Figure 4; detailed assignments are reported inTable SI-3. This
trend suggests that interactions occurred between avobenzone
and� -CD, as also con� rmed by the comparison between the
spectra of the inclusion compound and the 2:1 physical
mixture (Figure SI-17), with the latter resembling the sum of
the individual spectra of the guest and host molecules (Figure
SI-18). Also, in this case, the spectrum of the inclusion
complex is di� erent from that of the 2:1 physical mixture in the
same ranges as described above. Moreover, it is interesting to

Figure 4.Raman spectrum of (� -CD)2·AVO, avobenzone and� -CD. For sake of clarity, the main bands of avobenzone and� -CD that underwent
changes upon formation of the inclusion compound are indicated with A and B, respectively.
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note, as observed for (� -CD)3·OCT2, that the bands assignable
to the ring and skeletal vibrations of� -CD appeared
strengthened.

The IR spectrum of (� -CD)2·AVO (Figure SI-19) shows the
bands of both avobenzone and� -CD components, although it
is dominated by the bands of the host. The bands of the guest
molecule were observed as weak spectral features. Detectable
wavenumber shifts in several bands of both avobenzone and� -
CD were observed upon formation of the inclusion complex, as
previously observed in Raman spectra.

The vibrational results are in agreement with the literature.
It is not surprising that changes in the guest ring modes were
observed; actually, both octinoxate and avobenzone have been
reported to penetrate into the hydrophobic cavity of� -CD76

and � -CD.77 Molecular modeling studies for the inclusion
complex have shown that the predominant contribution to the
Ebinding comes from the van der Waals forces.78 On the other
hand, NMR studies in solution have shown that the aromatic
portion of the octinoxate molecule is located inside the� -CD
cavity, with the ester group close to the external surface of the
macrocycle,79 in agreement with Scalia et al.47 Therefore, it is
not surprising that upon inclusion compound formation only a
slight shift of the C� O stretching mode was observed. Raman
results showed also that avobenzone underwent tautomeriza-
tion upon inclusion in� -CD, and a little amount of the
diketone tautomer formed. Similar results have been reported
by other authors upon inclusion of curcumin in� -CD.80,81 The
keto form, being less polar than the enol form, may become
stabilized in nonpolar solvents and in the slightly nonpolar
interior of CDs,82 which have been found to stabilize the least
polar isomer.80,81,83

Photostability Studies of Inclusion Complexes. The
e� ect of the inclusion complex formation on the photostability
of the two sunscreens avobenzone and octinoxate was also
investigated via a combination of ESI-MS mass spectrometry
and UV� vis spectroscopy.

The mass spectrum of a mixture of (� -CD)2·AVO and (� -
CD)3·OCT2 (Figure SI-18, Table SI-4) previously synthesized
was recorded. In order to prove photostability, the same
sample was irradiated for 24 h under UV light, and then, it was
analyzed again via mass spectrometry (Figure SI-19).

To prove the photostability of� -cyclodextrin complexes,
peaks at around 600m/ z were analyzed, as the photo-
degradation is expected to form, via cycloaddition, the adduct
of AVO and OCT weighing ca. 600 g/mol.17

Photostability was therefore veri� ed via MS/MS tandem
mass spectrometry for the sample containing irradiated (� -
CD)2·AVO and (� -CD)3·OCT2. In fact, when analyzing the
spectra with lower collision energy, i.e.. 6 eV, a peak at 623m/
z appeared, while with a collision energy of 12 eV it decreased
with a concomitant increase of the molecular peaks at 313 and
333m/ z, respectively, identifying OCT and AVO (Figure 5).
This means that the presence of the peak at 623m/ z revealed
the two noncovalently bonded UV� lters together with a Na+

ion at a lower collision energy. The photoprotection by� -
cyclodextrins is thus e� cient enough to avoid the dimerization
of the sunscreens when the latter are included.

Analyses on the nonprotected UV� lters were also
conducted in order to verify the presence of the cycloadducts
formed after irradiation. More details on the ESI-MS
measurements can be found in theSupporting Information.

Finally, enhancement in photostability was con� rmed via
UV� vis spectrometry. The absorption spectrum (Figure SI-

24) of avobenzone presents two maxima at 360 and 267 nm
corresponding to UVA and UVB regions, respectively, while
the absorption spectrum of octinoxate presents two maxima in
the UVB region at 299 and 309 nm. In the case of the inclusion
complexes (� -CD)2·AVO and (� -CD)3·OCT2, the absorption
spectrum results from the superimposition of those of the
single components (Figure SI-24).

A physical mixture of avobenzone and octinoxate was
irradiated under UV for 24 h, and as previously reported in the
literature,8,9,17 it proved to be unstable, as the corresponding
spectrum shows a dramatic change of the absorption in the
regions of the two UV� lters, with a maximum appearing in the
UVC region (Figure SI-25).

Likewise, a physical mixture of (� -CD)2·AVO and (� -CD)3·
OCT2 was irradiated overnight, and then, the UV� vis
spectrum was recorded again. The results, shown inFigure
6, demonstrate that when the two molecules are protected by

� -cyclodextrin, the degradation process is strongly reduced, as
can be seen by the unchanged spectra of (� -CD)2·AVO and
(� -CD)3·OCT2 after irradiation compared to that before
irradiation (Figure 6). In fact, there is no evidence of the
formation of a peak in the UVC region, and the general outline
is unchanged, maintaining AVO and OCT typical bands.

Figure 5.MS/MS spectra with collision energy at 6 eV (left) and 12
eV (right) of the peak atm/ z 623 for a mixture of (� -CD)2·AVO and
(� -CD)3·OCT2 after irradiation.

Figure 6. UV� vis spectra of (� -CD)2·AVO and (� -CD)3·OCT2
before (green line) and after (pink line) 24 h of irradiation.
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� CONCLUSIONS

In this work, two novel inclusion complexes made up of� -
cyclodextrin and two sunscreens, namely, avobenzone and
octinoxate, were successfully assembled in the solid-state
exploiting the hydrophobic e� ect to a� ord the corresponding
inclusion complexes. Moreover, during this investigation, a
new polymorph (Form II) corresponding to a metastable
phase of avobenzone was discovered, fully characterized, and
found to be in a monotropic relation with the commercially
available Form I.

Although avobenzone and octinoxate, which absorb in the
UVA and UVB regions, respectively, are among the most
widely used in formulation of sunscreens, they present some
drawbacks owing to their tendency to photodegrade under UV
exposure leading to a loss of e� cacy with time. To overcome
this, a common approach is to adjust the photostability by
adding other additives or by increasing the amounts of UV
� lters within the formulations.

Encapsulation of the� lters within host molecules that do not
interfere with the sunscreen activity may represent a viable
option to overcome the photostability issue (Scheme 3).

The two� -CD inclusion complexes were obtained through
simple,“green”, and high yield mechanochemical synthesis
(kneading with water), as well as via slurry in water, and fully
characterized in the solid state. A combination of solid-state
techniques (powder XRD, Raman, thermal analyses) and1H
NMR spectroscopy in solution demonstrated the formation of
crystalline inclusion compounds belonging to the C2
isostructural series for� -CD58,59 and allowed us to assess the
respective formulas as (� -CD)2·AVO and (� -CD)3·OCT2, with
a water content of ca. 8 water molecules each. The
photostability of avobenzone and octinoxate within the
corresponding inclusion complexes was successfully demon-
strated via ESI-MS spectrometry, as no sign of typical
photoreaction byproducts are shown after UV irradiation.
Finally, UV� vis spectroscopy was used to further con� rm the
photostability of these compounds and therefore their
suitability as sunscreens.

With our study, we have shown that a viable route is feasible
for the development of improved sunscreens and is novel in
formulation of sunscreens, with special attention to environ-
mentally safe products. The enhanced photostability of the
inclusion complexes of avobenzone and octinoxate in� -

cyclodextrin would also allow a reduction of the amount of UV
� lters in sun creams, with potential bene� ts for the skin and
the environment. Further studies are under way to extend this
approach to other UVA and UVB� lters and to their
formulations.
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