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Curcumin is the primary polyphenol and active ingredient in turmeric, which has demonstrated anti-
cancer, anti-microbial, anti-infammatory and anti-oxidant properties, leading to a significant effort to
produce therapeutic variants, with, for example, improved solubility. However, numerous questions remain
about the biological activity of curcumin, including whether curcumin, or a metabolite, is responsible for
these therapeutic properties, the nature of the mechanism(s) of biological activity for the active species
and the potential role of photochemistry. Underpinning these questions is a lack of fundamental
understanding about the electronic (and nuclear) structure of curcumin, which, in part, limits the
development of curcumin-based therapeutics. Here we isolate the gas-phase deprotonated curcumin
anion, which is a significant charge state for biological settings and study its intrinsic structure and light-

Received 30th May 2025, driven dynamics using mass-selected ion spectroscopy. Our measurements show the presence of a

Accepted 30th September 2025 bound anion state, efficient internal conversion from electronically excited states to the ground state and
DOI: 10.1039/d5cp02049b indicate relatively high-lying dissociation products. Taken together, our results suggest that fragmentation

of curcumin is unlikely to be a key route to biological activity, explain its potential as a photodynamic
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Introduction

The observed medicinal properties of turmeric have regularly
been attributed to its primary polyphenol, curcumin (structure
in Fig. 1a), indicating that it may be responsible for the neuro-
protective, anti-inflammatory, chemopreventive and chemother-
apeutic properties of the spice.”™ On this basis, the demand for
curcumin food supplements is rapidly expanding, making this
one of the most popular supplements on the market in the UK
and US, as well as many other nations.>® Furthermore, there is
significant current research underway aiming to harness the
properties of curcumin with the aim of building effective drugs
or treatments for numerous common illnesses, including cancer
and heart disease.””® Primarily, this work has aimed to develop
targeted delivery strategies, for example by utilising nanotech-
nology, plus synthetic modifications to improve the bioavailabil-
ity, stability in cells and the pharmacological effects of curcumin
(or derivatives) in humans, as well as highlighting the potential
for curcumin to act as a good photodynamic therapy
agent.*”®1°3 However, optimisation of these applications
requires a clear understanding of the biological activity and
chemistry of curcumin, which recent work indicates is highly
complex and poorly understood.>®*!3

Part of the challenge stems from the lack of fundamental
data on curcumin itself (and related compounds), in terms of
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therapeutic and provide a rationale for understanding its thermal and photochemical stability.

its electronic and nuclear structure, its dissociation pathways
and its energy transfer dynamics. For example, whilst many
studies have attributed the biological activity of turmeric pri-
marily to curcumin, other curcuminoids (desmethoxycurcumin
(DMC) and bisdemethoxycurcumin (BDMC)) plus substantially
smaller metabolic products (ferulic acid and vanillin) are
known to be present and could be responsible for turmeric’s
biological activity.>®'*'> In fact, evidence has been presented
that the anti-inflammatory activity of curcumin is a result of its
oxidative metabolites, such as a quinone methide, formed via a
C-C bond cleavage of curcumin.* A fundamental understanding
of the dissociation products of curcumin is therefore needed to
assess whether fragmentation is part of the active biological
mechanism of curcumin, or indeed a route to degradation.
Furthermore, the efficiency of the energy transfer processes
between the electronic states of interest is likely to determine
the probability of fragmentation (or other high energy pathways
such as electron loss), relative to relaxation to the ground state,
particularly in the presence of photochemical excitation, but also
under thermal control. Therefore the stability of curcumin,
which previous studies have shown to be unstable in the
presence of light and strong bases, will depend in part upon
the fundamental dynamics of the polyphenol.®"”

To date, the state-of-the-art approach for studying the elec-
tronic structure of curcumin has been to use solution phase
spectroscopy, primarily absorption techniques, along with
some time-resolved fluorescence measurements.*®*>* However,
interpretation of solution phase spectroscopy is challenging, given
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Fig. 1 (a) The structure of the enol tautomer of curcumin and (b) the UV/

vis absorption spectrum of curcumin recorded under pH neutral (yellow,
pH ~ 7), weakly basic (orange, pH ~ 8) and basic (red, pH ~ 10)
conditions, where the solution is yellow, orange and red, respectively.

the complexity of curcumin’s molecular structure (Fig. 1a), the
large number of compounds present in solution (including DMC
and BDMC, plus decomposition products, for turmeric samples),
as well as the high number of tautomers, isomers and charge
states that are present. For example, whilst curcumin gives tur-
meric its characteristic deep yellow colour, which leads to its use as
a food colorant (food additive E100), the different keto-enol
isomers of neutral curcumin have distinct absorption spectra
(Admax ~ 70 nm) and even weakly basic solutions of curcumin
are orange/red, due to the presence of anionic forms.>'®' In order
to overcome these limitations, we utilise gas-phase spectroscopy of
mass-selected ions, to probe the lowest energy tautomer of a single
molecular species, in a known charge state. Under the slightly
alkali conditions of the human body, the singly charged deproto-
nated anionic form of curcumin (Cur™) is expected to be present in
significant amounts, alongside an excess of neutral curcumin.>*
This ion has been isolated in the gas-phase previously via electro-
spray ionization (ESI) and studied via mass spectrometry techni-
ques, including ion mobility measurements to determine isomers,
but the electronic structure of Cur™ has not been studied
spectroscopically.>>?’ Here we report the first gas-phase ion
spectroscopy measurements of Cur  to interrogate its structure
and dynamics directly, and demonstrate that curcumin is relatively
stable with respect to fragmentation and electron loss following
photoexcitation and, by extension, under thermal conditions.

Methods

Gas phase ion spectroscopy of Cur~ was performed on a photo-
electron imaging spectrometer, which has been described in
detail elsewhere.”®?° Briefly, Cur~ was produced via ESI of a basic
(NH3, pH ~ 8) methanolic solution of curcumin, where sufficient
base was added to induce a colour change from yellow to red.
Anions were transferred to the apparatus via a capillary, before
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being guided and trapped using radiofrequency fields. Accelera-
tion of the anions to 2.1 keV in a Wiley McLaren time-of-flight
mass spectrometer allows mass selected anion packets of interest
to be overlapped with the output of a nanosecond laser.** Either
the harmonics of a Nd:YAG laser or the tuneable output of a
Nd:YAG-pumped optical parametric oscillator (focusing lens
f ~ 1 m, laser power < 0.5-2.5 mJ per pulse, and interaction
region with diameter < 3 mm and length ~ 1 mm) are used in
these experiments. The resulting photoelectrons are velocity map
imaged on a position sensitive detector, which consist of micro-
channel plates and a phosphor screen, and no evidence was seen
for saturation of the detector at any of the wavelengths studied.**
The resulting image is processed using the polar onion peeling
algorithm to produce the electron kinetic energy (eKE) spectrum
and the photoelectron angular distribution (PAD), which is char-
acterised by an anisotropy parameter (—1 < f, < 2).3** The
photoelectron spectrometer is calibrated with the well-known
spectrum of I and has an energy resolution of ~5%. Fragmenta-
tion can be studied via a two-photon sequential process of
photodissociation and subsequent photodetachment, when the
intermediate anion has an electron affinity (EA) lower than the
photon energy (hv).**® Furthermore, the location of excited
states can be measured via an electron action spectrum, where
the total intensity of photoelectrons is recorded as a function of
laser wavelength.***°

Electronic structure calculations were performed to determine
the geometries and energetics of Cur™, its corresponding neutral
(Cur) and other potential photoproducts. Geometries were con-
firmed via vibrational analysis and the energies were zero-point
energy corrected. Ground state density functional theory (DFT)
calculations used B3LYP, whereas the excited state calculations
used time-dependent DFT and the Tamm-Dancoff approxima-
tion.*"*> All computations used the aug-cc-pVTZ basis set and were
performed with Gaussian 16.**** Utilizing different functionals
(CAM-B3LYP and B3LYP) and different basis sets (6-311++G(d,p),
cc-pVTZ and aug-cc-pVTZ) produced similar results, but the
B3LYP/aug-cc-VTZ approach, which has been used to study
the photodetachment of other anions, was the best match to
the experimental energetics, probably due to the inclusion of
diffuse orbitals which are needed for accurate modelling of
anions.*"**%"

To summarise the current state of the art in the under-
standing of the structure of curcumin, UV/vis absorption spec-
tra were recorded to highlight the role of tautomers and charge
states on the electronic structure of curcumin.'®° Absorption
spectra were recorded using a Cary 5000 UV-vis-NIR spectro-
photometer for 0.1 mM solutions of curcumin in methanol at 4
between 300 and 650 nm and repeated in the presence of
ammonia, where deprotonated anions (Cur ) are present.

Results
(a) UV/vis spectroscopy of curcumin

The solution phase UV/vis absorption spectrum of neutral
curcumin, presented in Fig. 1b in yellow, has a broad band
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centred at wavelength, 4. = 420 nm. Absorption spectroscopy
and electronic structure calculations have previously demon-
strated that this is the signature of the enol tautomer, which is
responsible for turmeric’s characteristic yellow colour, and that
the higher energy keto tautomer has a blue shifted absorption
maximum near Ay, = 350 nm.>°

Addition of a base to the solution causes a colour change
from yellow to a deep red colour. The absorption spectrum of the
basic solution (red, Fig. 1b) is shifted towards longer wave-
lengths compared to neutral curcumin, with the maximum
absorption at Amax ~ 470 nm. Furthermore, a shoulder to the
main absorption band is present at 4 ~ 390 nm, and there is
increased absorbance at shorter UV wavelengths. In comparison
with the literature, these observations indicate the dominance
of the deprotonated anion Cur~, under basic conditions.™® At
weakly basic pHs, such as those found in biology, curcumin is an
orange solution with two features in the absorption spectra
(orange, Fig. 1b) at A = 420 and 470 nm, indicating the presence
of both the neutral and anionic forms of curcumin.

(b) Photoelectron imaging of Cur—

The photoelectron spectra of Cur™, recorded at multiple Av, are
shown in Fig. 2 and indicate three distinct electron loss path-
ways. Firstly, at higher Av, there is a broad band at fixed
electron binding energy (eBE, where eBE + eKE = hv), with an
onset at eBE = 2.8 eV and peak at eBE = 3.1 eV (blue, Fig. 2).
Secondly, at the lowest hv studied, there is evidence of a second
feature at fixed eBE, with a broad structure and characterised
by an onset at eBE = 1.1 eV and peak intensity at eBE = 1.5 eV
(red, Fig. 2). Finally, at all sv studied there are eKE ~ 0 eV
electrons (shifting with Av on the eBE scale); the relative
intensity of this feature changes and peaks at v ~ 2.9 eV
(green, Fig. 2).

The two spectral features (Fig. 2 blue and red), which consist
of broad bands of photoelectrons at fixed eBE (shifting eKE
with hv), are characteristic of direct detachment. Direct detach-
ment could occur from Cur~ itself, a different molecular
species with the same m/z ratio which is present in the ion
beam (even though there are no likely candidates from mass
spectrometry), or a photofragment, via a two-photon sequential
process of photodissociation and subsequent photodetach-
ment of the anionic fragment. In the following sections, the
anions will be identified conclusively, by using electronic
structure calculations and photoelectron action spectroscopy,
in combination with the photoelectron spectra presented here.

The higher eBE direct detachment feature is present in the
spectra recorded with Av > 2.88 eV and is characterised by
experimental adiabatic and vertical detachment energies of
ADE = 2.8 eV (from the low eBE onset of direct detachment)
and VDE = 3.1 eV (from the eBE with the most intense direct
detachment photoelectron signal). The broad band indicates
that there is significant vibrational excitation following detach-
ment, such that there is likely to be a large change in geometry
between the anion and neutral. There is no resolved vibrational
structure, which is expected for a large molecular species, when
combined with the expected vibrational temperature of ~300 K.
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Fig. 2 Photoelectron spectra of Cur™ recorded at variable photon energies
(hv) and plotted on an electron binding energy (eBE) scale. The three main
spectral features, including the two direct detachment features with ADE ~
2.8 eV (blue) and ADE ~ 1.1 eV (red), as well as thermionic emission (green)
are highlighted. Additionally, the calculated (see the section on electronic
structure calculations) electron affinities (EA) of the neutral analogue of
Cur™ (blue line) and the most likely fragment, 1497, (red line) are plotted.

The PAD for direct detachment is weakly anisotropic and char-
acterised by i, =-0.2 £ 0.2 at hv = 3.88 eV, and the corresponding
photoelectron image is shown in Fig. S1 (supplementary
information, SI).

The anion that gives rise to the second direct detachment
feature has an ADE = 1.1 eV and VDE = 1.5 eV (red, Fig. 2). The
spectral feature is also broad, indicating a large change in geometry
from the anion to the neutral, and the PAD for this feature is
characterised by 5, = 0 & 0.3. If this low ADE species were present
in the mass-selected ion beam (m/z ~ 367 a.m.u.), i.e. a tautomer,
deprotomer or conformer of Cur ™, then we would expect to observe
this direct detachment feature at all sv studied (hv > ADE).
However, it is only present in the photoelectron spectra at the
longer wavelengths studied hv < 2.75 €V, suggesting simply that
the low ADE anion (Fig. 2, red) is a photoproduct of the higher ADE
anion (Fig. 2, blue), produced via an excited state process.**>"
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Finally, the isotropic, low eKE signal (green, Fig. 2) is
characteristic of thermionic emission, where hot anions ‘boil’
off electrons in a process that is mediated via an electronically
excited anion state.>*”>* In effect, resonant photoexcitation to
an electronically excited state occurs, and is followed by inter-
nal conversion (IC) back to the ground state, to result in highly
internally excited anions, which have sufficient energy to lose
an electron.”® Given that thermionic emission is observed in all
the spectra here, it is likely that there are multiple excited states
present. Furthermore, the likely location of these excited states
can be determined by photon energies where a peak in the
relative proportion of thermionic emission to direct detach-
ment is observed, i.e. near hv = 2.88 and 3.64 eV, as well as
potentially at 2.33 eV, even though here the use of the second
harmonic of an Nd:YAG laser results in an increase in photon
flux, which could alter the ratio of direct detachment to
thermionic emission.>®

(c) Electronic structure calculations

Geometry optimisations of Cur™ indicate that the lowest energy
isomer is an enol tautomer with a stabilising H-bond, and that
deprotonation occurs from the phenolic OH. The next lowest
energy geometry (keto tautomer, with a bent geometry) is
calculated to be 0.35 eV higher in energy (KzT equivalent,
T ~ 4000 K) and, therefore, is highly unlikely to be present
in our room temperature anion beam. The ground state struc-
ture of Cur~ is shown in Fig. 3a. The computed electron affinity,
EA = 2.80 eV of Cur and VDE = 2.91 eV of Cur~ are in good
agreement with the experimental ADE = 2.8 eV and VDE = 3.1 eV
for the high ADE direct detachment feature observed in the
photoelectron spectra (Fig. 2, blue). Therefore, our electronic
structure calculations assign this channel (Fig. 2, blue) to direct
detachment of Cur™. The computed EA of Cur is shown as a line
in Fig. 2 to demonstrate the excellent agreement between the
computational and experimental results. It should be noted
that the lowest energy keto tautomer (bent geometry) has a
computed EA = 2.70 eV and VDE = 2.91 eV. The structures and
relative energetics of the isomers of Cur™ are similar to pre-
vious computations and are tabulated in Table S1 (SI).>’

The optimised geometry of the deprotonated neutral (Cur),
produced via photodetachement of the anion, is shown in
Fig. S2 (SI), and Cur has different bond lengths and angles
predicted throughout the molecule compared to Cur . It is

a) Cur

By

View Article Online

PCCP

important to consider the geometry of Cur in the context of the
geometry of Cur~, as in anion photoelectron spectroscopy all
the experimental structural information is encapsulated in the
Franck-Condon envelope for direct detachment. Whilst the
central H bond is maintained in the neutral species, there
appears to be less delocalisation across the central keto—enol
moiety than in the anion, which results in alternating C-C
bond lengths. Furthermore, as longer bonds are predicted in
the neutral phenoxy group (Cur) compared to the phenolate
(Cur™), photodetachment would likely lead to excitation of a
multitude of vibrational modes, i.e. a broad Franck-Condon
envelope. This is consistent with the broad spectral structure
observed in the Cur™ direct detachment band in the photoelec-
tron spectra (Fig. 2, blue).

It is unlikely that the low ADE direct detachment feature in
the photoelectron spectra (Fig. 2, red) arises from an isomer of
Cur , given that the next lowest energy anion is computed to be
0.35 eV higher in energy than the ground state conformer, and is
therefore unlikely to be present in the ion beam. Furthermore,
high energy isomers of Cur™ are predicted to have EAs > 2.7 eV.
This supports the preliminary assignment that the low ADE
direct detachment channel in the photoelectron spectra (Fig. 2,
red) arises from the direct detachment of an anionic photopro-
duct of the parent anion, Cur . Given that the products of
photoisomerization of Cur~ would also have EAs > 2.7 eV, the
excited state photoprocess of Cur~, giving rise to the low ADE
species, is likely a photodissociation, rather than a photoisome-
rization. Effectively, Cur™ is photodissociated via an excited state
process, which leads to the formation of an anionic fragment,
which is subsequently photodetached.?> 3878

The measured experimental ADE = 1.1 eV of the fragment
(Fig. 2, red) is too low to have the excess negative charge
localised on an oxygen, suggesting that the fragment is most
likely to have carbanion character (e.g. EA(CH;) = 0.09 eV).>*°
For comparison, EA(OMe) = 1.57 eV, EA(OH) = 1.82 eV and
EA(O) = 1.44 eV, whilst larger oxyanion fragments have com-
puted EAs greater than 2 eV.®'"®® Therefore, electronic structure
computations were used to search for potential photoproducts
and resulted in the identification of CsH3(OH)(OMe)CHCH
(1497, Fig. 3b) as the most probable fragment. Its computed
EA =1.04 eV (Fig. 2, red line) and VDE = 1.57 eV are very similar
to the experimentally observed ADE = 1.1 eV and VDE = 1.5 of
the fragment (Fig. 2, red). Previous gas-phase work reported a

Fig. 3 Optimised geometry of (a) ground state Cur~, which is an enol with a central hydrogen bond and deprotonation at the terminal phenol group and
(b) the most likely photoproduct 1497 The dashed line indicates the C—C bond which is expected to break during the photodissociation of Cur™ resulting

in 149°.
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fragment of mass 149 a.m.u. in the mass spectrum of deproto-
nated curcumin, the same mass as the most likely photoproduct,
which supports the assighment.>® As only mass spectrometry
was performed previously though, the authors could not distin-
guish between isomers with a carbon-localised or oxygen-
localised anion; however the spectroscopic work presented here
clearly points to the former. The electronic structures of other
fragments reported in the previous mass spectrometry studies
were computed and are shown in Table S2 (SI).>>*”** However,
only the computed ADE and VDE for 149~ show good agreement
with the experimental results (red, Fig. 2).

Excited state calculations indicate that Cur~ has a bound
anion state (S;) with vertical excitation energy, VEE(S;) =
2.18 eV, as well as two energetically accessible bright anion
resonances VEE(S,) = 3.08 eV and VEE(S;) = 3.77 eV in the
detachment continuum. These excited states are likely responsi-
ble for the thermionic emission observed in the photoelectron
spectra (Fig. 2, green). Given the computed VEEs, thermionic
emission is likely a one-photon process following excitation to S,
or S;, and a multiple photon process at iv < 2.8 eV (ADE of Cur ™),
or following photoexcitation to S,.®>

The bond dissociation energy (D,) to form 1497, plus its
most likely co-fragment (218 a.m.u.), relative to the Cur~
ground state is calculated to be 3.85 eV. Therefore, photodisso-
ciation at -iv < 2.8 eV, where this channel is observed in the
photoelectron spectra, is expected to be a two-photon process
itself, with photodetachment of the resulting 149~ requiring an
additional photon. In total to observe a photoelectron arising
from this photodissociation and photodetachment process in
our experiments, would likely require three photons. As the
photoelectron signal from the fragment is only observed for
2 < hv < 2.8 eV, close to the computed VEE(S,), it is likely that
the S; excited anion state mediates photodissociation and
therefore that the anionic fragment is only produced at these
wavelengths, when the photoexcitation cross section to S; is
large. Excited state calculations indicate that 149~ has an
excited state with VEE(S;) = 2.36 eV in the multiple photon
region, which is likely to enhance the propensity for such a
multiple photon process. The computed relative energetics of
Cur  and its likely photoproducts are summarised in Table 1.

(d) Electron action spectroscopy of Cur~

The location of excited states of Cur~ can be determined experi-
mentally by recording an electron action spectrum, ie., the yield
of electrons as a function of wavelength, and the electron action
spectrum for Cur~ is shown in Fig. 4.%° Effectively, if photoabsorp-
tion leads to electron loss, as is often the case with anions, then
peaks in the photoelectron yield, after accounting for changes in
the laser power (Cur~ + hv — Cur + e ), indicate anion excited
states, making electron action spectroscopy a gas-phase analogue
of solution-phase absorption spectroscopy.®”’"*° The laser power
fluctuates somewhat over this region, with a sharp drop in power
at 4 = 400 nm, but the action spectrum is not normalised to
account for this, as at photon energies above the EA of Cur™ (4 <
440 nm) one-photon processes dominate, whilst at longer wave-
lengths, multiple photon processes are required to lose electrons.
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Table 1 The calculated relative energetics of Cur™ and its most likely
photoproduct 1497, including electron affinity (EA), vertical detachment
energy (VDE) and vertical excitation energies (VEE) for the energetically
accessible excited anion states. The experimental (exp.) adiabatic detach-
ment energy (ADE) and VDE are also reported for both Cur™ and the
photofragment

EA, eV  VDE, eV VEE (S,), eV VEE (S,), eV VEE (S3), eV

Molecule (exp.) (exp.) (nm) (nm) (nm)
Cur™  2.80(2.8) 2.91 (3.1) 2.18 (569)  3.08 (403)  3.77 (325)
149~ 1.04 (1.1) 1.57 (1.5) 2.36 (525) — —

The optical parametric oscillator is reconfigured at A = 400 nm
(dashed line in Fig. 4), with each region of the action spectra
normalised separately, such that relative intensities between the
two sections cannot be compared.

Two clear peaks are observed in the one-photon portion of
the spectrum at 2 ~ 330 nm and 430 nm (green, Fig. 4), which
are consistent with observed maxima in the ratio of thermionic
emission to direct detachment in the photoelectron spectra
(Fig. 2). These peaks are likely attributable to the Cur™ S, and S3
states, yielding experimental values for VEE(S,) ~ 2.9 eV and
VEE(S;) ~ 3.75 eV. This assignment is supported by the
computations, as the computed VEE of the S; state matches
well with the experimental spectra. Furthermore, whilst the
computed VEE(S,) is lower in energy than the observed peak in
the action spectra, it falls in the region where there is a large
change in laser power (< 0.5 mJ per pulse at A = 400 nm to
~2.5 mJ per pulse at 4 = 450 nm), which may shift the observed
peak in the action spectra to longer wavelengths. The electron
action spectrum is plotted alongside the laser wavelength, as
shown in Fig. S3 (SI), and demonstrates that fluctuations in
laser power are not responsible for the overall shape of the
action spectra i.e. excited anionic electronic states are present

l 85 lsz

Jne photon i

|

Multiple photon

Photoelectron Intensity. arb. units

450
A, nm

300 350 400 500 550 600

Fig. 4 The electron action spectrum of Cur™ recorded at 300 nm < 4 <
600 nm, with the region 400 nm < 4 < 415 nm, where there is very low
laser power, removed. At . longer than the ADE of Cur™ (2.8 eV, 1 =
442 nm), electron loss is a multiple-photon process, whereas at shorter
wavelengths, one-photon electron loss is likely to dominate. The com-
puted energies for the first three excited states of Cur~ are shown with
arrows.
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and give rise to changes in the spectral structure, by changing
the photoabsorption cross section of Cur~ as a function of
wavelength.

Below threshold (hv < ADE, red, Fig. 4), electron loss is still
observed, likely via multiple photon processes, as is seen in the
photoelectron spectra of Cur~ (Fig. 2). There is a little clear
structure in the action spectra in this region, which may be
indicative of multiple-photon processes competing to result in
statistical electron loss or fragmentation (Fig. 2). The onset of
electron loss is near the computed VEE(S;) = 2.18 eV, and the
absorption maxima of the Cur™ solution phase absorption
spectrum (red, Fig. 1b), suggesting this bright bound anion
excited state may mediate the electron loss processes in this
multiple-photon region. This would yield an experimental
VEE(S;) ~ 2 eV, from the onset of electron loss. Furthermore,
electron loss from the photoproduct 149~ is observed to occur in
the photoelectron spectra recorded at these longer wavelengths
and the calculated VEE(S,) of the fragment is 4 = 525 nm.

Discussion

Given the numerous possible isomers of Cur~, and previous
gas-phase work which has reported the presence of both an
enol and keto forms of Cur™ in anion beams produced via ESI,
it is worth considering the likely composition of the ion beam
of Cur~ studied here.”®*” Whilst we see no direct experimental
evidence for the presence of any high energy isomers here, as
all the experimental observations can be explained on the basis
of the computed electronic structure for the lowest energy
isomer (Fig. 3a), photoelectron imaging is only sensitive to
tautomers or deprotomers where the different species have
different electron affinities or Franck-Condon envelopes.*®”°
In the case of Cur~, many high energy isomers have computed
EAs and VDEs similar to the lowest energy isomer, such that the
spectral features would be expected to overlap (Table S1).
Therefore, whilst the computations indicate that such struc-
tures are highly unlikely to be present in the room temperature
anion beam, based on thermal considerations, we cannot
conclusively preclude their presence based on the reported
photoelectron spectra. Similarly, whilst photoisomerization to
produce isomers of Cur~ may be occurring, it would be
challenging to distinguish the resulting spectral features, from
the main direct detachment bands. One exception is the bent
keto form of Cur~ (as well as some other very high-lying
isomers, see Table S1, SI), which is predicted to have a lower
EA compared to the lowest energy isomer (2.70 vs. 2.80 eV) and
would therefore be expected to produce distinct direct detach-
ment bands (higher eKE). These bands are not observed here,
indicating that it is unlikely that this isomer is present in our
anion beam in significant quantities or efficiently produced via
photoisomerization. In the future, it would be interesting to
combine ion mobility spectrometry with gas-phase ion spectro-
scopy, to conclusively determine if high energy conformers of
Cur  are present in our experiments and directly report their
individual electronic structures.
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At hv above the ADE of Cur, direct detachment and one-
photon thermionic emission mediated by the S, and S; anion
resonances are observed in the photoelectron spectra (Fig. 2),
and a cartoon depicting these processes is shown in Fig. 5. The
higher energy direct detachment channel observed in the
photoelectron spectra (Fig. 2, blue) has an experimental ADE
of 2.8 eV, which is in good agreement with the computed EA =
2.80 eV of Cur and confirms the assignment of this channel to
direct detachment of Cur™. One small discrepancy between the
computations and experiment is that the computed VDE of
Cur is lower than the observed value (2.9 eV vs. 3.1 eV). It is
unlikely that electronically excited anions or neutral are con-
tributing to the spectral bandwidth though. As has already been
discussed, the ground state anion (Fig. 3) is calculated to be the
most stable by 0.35 eV, and therefore likely to be the only
species present in the ion beam, whilst other isomers of Cur™
would have similar photoelectron spectra (Table S1, SI).
Furthermore, photodetachment resulting in a Cur in the first
excited neutral state, which is calculated to be 1.7 eV above
the ground state, is expected to be too high in energy
(eBE ~ 4.5 eV) to be accessible at the photon energies studied
here. However, autodetachment from the anion resonances
(S, and S;) may account for the discrepancy, as typically auto-
detachment leads to a broadening of the direct detachment feature
toward low eKEs, as is seen here.”" The weakly anisotropic PAD is
characterised by a negative f3, (Fig. S1, SI), which via Koopmans’
theorem, indicates that the electron is detached from a =«
system.**’>”* Given that Cur~ is a chromophore containing an
extended © system, such a picture of the HOMO is expected. The
direct detachment pathway is summarised in blue in Fig. 5.

The electron action spectrum and the electronic structure
calculations indicate that Cur™ has three electronically excited
states within 4.13 eV of the ground state (the maximum hv
studied here), including one bound anion state (S;) and two

4 /v > 2.8 eV (ADE of Cur’)
S; —/—mW—o —— ——
IC — —
3l S, NN — e
. E—
(]
: —_—
g2 Si —
ks —_—
wll| v —
1 -
o' s
2 Cur

Fig. 5 The one-photon electron loss processes of Cur~ observed in
photoelectron imaging. At hv > 2.8 eV, i.e. above the ADE of Cur™, direct
detachment of Cur™ occurs (blue), along with one-photon thermionic
emission mediated by the S, or Ss state (green). The processes are
coloured to match the associated spectral features in Fig. 2.
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resonances (S, and S;), with VEE(S;) ~ 2 eV, VEE(S,) ~ 2.9 eV and
VEE(S;) ~ 3.75 eV (Fig. 4). Whilst previous UV/vis absorption
spectroscopy of curcumin under basic conditions has attributed
changes in the spectral structure to the presence of anions (Fig. 1),
our gas phase measurements may allow us to go further." For
example, one possible assignment is that the solution phase peak
at 4 ~ 500 nm (Fig. 1) is Sy — Sy, the shoulder at A ~ 390 nm,
So — S;, and the rise in signal hinted at below 4 < 300 nm,
So — S, indicating that all the electronic states are red-shifted in
the gas-phase. However, this assignment of the UV/vis absorption
spectrum is extremely tentative, given the challenges associated
with performing solution phase spectroscopy on curcumin
(presence of other species, plethora of isomers, conformers,
deprotomers etc.), which were outlined in the introduction, as
well as the influence of the solvent and the base.

It is apparent from the photoelectron spectra that all three
excited states mediate thermionic emission, i.e., the boiling off
of electrons from hot anions, given that the spectral signature
of thermionic emission (photoelectrons with eKE ~ 0 eV) is
present in all the photoelectron spectra recorded, but with
different relative intensities. Effectively, regardless of the hv
used in these experiments, there is an excited state of Cur™ with
an appreciable photoexcitation cross-section (see the electron
action spectrum, Fig. 4), which determines the relative propor-
tion of thermionic emission and direct detachment observed in
the photoelectron spectra, i.e. if the hv is resonant with the
excited state, then the proportion of thermionic emission that
is observed will increase. Furthermore, the presence of ther-
mionic emission in all the photoelectron spectra suggests that
there is internal conversion (IC) to the ground state from all the
electronically excited states accessed. Peaks in the relative
proportion of thermionic emission in the photoelectron spectra
(Fig. 2) and the electron action spectra (Fig. 4) occur at similar
energies, near 2.88 €V/430 nm and 3.64 €V/325 nm for S; and S,
respectively. For S, and S;, where the peaks in the electron
action spectra are at higher energy than the ADE of Cur, a
single one-photon excitation is sufficient to impart enough
energy to lose the electron after internal conversion (IC) to
the ground state. This process is summarised in green in Fig. 5.

The presence of thermionic emission at all wavelengths
indicates that following excitation to a high-lying electronically
excited state, Cur™ returns to the ground state, but there is a
question about whether this is a direct process, i.e. S, to Sy, or
sequential, Z.e. S3 to S,, S, to S;, and S; to S,. Kasha’s rule
suggests that IC is likely to be sequential for S, and S;, with
fluorescence occurring from S;, and solution phase measure-
ments of curcumin provide some evidence in support of this
picture, however the role of solvent, and the presence of
multiple species, tautomers and conformers add significant
complexity.’®’* In our experiments rather than fluorescence,
we see clear evidence for IC from S; to S, in the presence of
thermionic emission in our spectra, which may be expected
given that S; is the bound state of a large molecule, and
therefore its vibrational manifold would be expected to be well
overlapped with S,. Taken together, it seems most likely that we
see sequential IC dynamics from S, to S, in the gas-phase for
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Cur~, but Fig. 5 shows a simplified picture, i.e. direct IC from S,,
to Sy, for clarity.

At hv < ADE(Cur™), where a single photon has insufficient
energy to photodetach Cur™, electron loss is still observed
(Fig. 2, green hv < 2.8 eV, and red), providing evidence for
multiple photon processes. Given that ns laser light is used in
this work, true multi-photon processes, such as two-photon
photodetachment, are not expected, and no evidence for such
processes is seen in the photoelectron spectra (e.g. fixed eBE
features, when eBE = 2hv — eKE).”> However, given the long
duration of the laser pulse (~ 5 ns) on the timescale of molecular
processes, sequential photoprocesses can occur, i.e. photodisso-
ciation followed by photodetachment of the anionic fragment,
and have been observed for many other anions (e.g. PtI,,
MnO, , EDTA®>", Pt,1,,>~, the pyruvate anion and the fluorescein
dianion) including some of our recent work on the same
apparatus,®>>*3%3%48:57,58.76 ywhijlst the laser fluence dependence
of the photoelectron intensity can conclusively assign the order
of multiphoton processes (two-photon process, I oc P?), it is
much more challenging for multiple photon processes, where
each sequential step is governed by a different cross-section (i.e.
photodissociation cross-section of the parent molecule and the
photodetachment cross-section of the anionic fragment) and can
therefore lead to strong deviations from the expected power
laws.*” Furthermore, the relative intensities of different spectral
features within the photoelectron spectra of Cur™ are expected to
be largely insensitive to changes in the laser power, as above the
ADE (hv > 2.8 eV) one-photon processes will dominate (ther-
mionic emission and direct detachment), whereas below the
threshold (Av < 2.8 eV), only multiple photon processes are
present. Nonetheless, low laser power measurements were
attempted for Cur, but the resulting spectra had very poor
signal-to-noise ratios and are not included in this work.

At photon energies below the EA of Cur, but above VEE(S,),
two distinct multiple photon electron loss processes are
observed in the photoelectron spectra (Fig. 2, Av < 2.8 eV,
ADE of Cur™): thermionic emission (green, Fig. 2, iv < 2.8 eV)
and photodissociation followed by photodetachment of the
resulting anionic fragment (red, Fig. 2). The narrow range of
photon energies where the latter is occurring, as determined by
the presence of the low ADE signal (red, Fig. 2), indicates that it
is the result of an excited state process, where the propensity is
governed, in part, by the photoexcitation cross section to S;.
Given the observed competition between the thermionic emis-
sion and fragmentation in the photoelectron spectra (Fig. 2) it
is highly likely that both processes are statistical, ie. hot
ground state processes. Therefore, the picture that arises is of
photon cycling over the S; state, ie. repeated absorption of
a photon to excite to S; followed by IC to the ground state, to
produce highly internally excited anions with sufficient energy
to lose electrons or fragment.*® This process is summarised in
Fig. 6. As our laser pulse is ~ 5 ns long, and we observed
thermionic emission arising via a multiple photon process, we
can determine from our experiments that the upper limit of the
timescale of IC from S; to S, is less than ns. However, solution
phase spectroscopy has indicated that the excited state lifetime
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is much shorter, with decay observed on ps timescales, even
though this was thought to be for neutral curcumin rather than
for the deprotonated anion.*” Taken together, this points
towards rapid IC, i.e. on a ps timescale, from excited states to
the ground state.

In an attempt to conclusively identify the fragment observed
in the photoelectron spectra (Fig. 2, red), secondary mass
spectrometry using a reflectron was performed.*® However,
whilst some very low intensity ion signal was observed, which
indicated photoproducts of lighter mass than the parent, the
time-of-flight spectrum was very broad and the signal to noise
ratio was very poor. Whilst this measurement did not allow an
assignment of the fragment, it is consistent with a multiple
photon statistical fragmentation occurring, where dissociation
is happening on the flight time of the anions from the inter-
action region to the detector (~ 10 s ps). Therefore, it was left to
computational methods to produce a tentative assighment of
the fragment identity, by computing the EA and VDE for
anionic fragments identified in previous mass spectrometry
252764 Whilst this is not an exhaustive list of possible
fragment species, and photodissociation can produce different
species to collisions, the most likely candidate was identified as
149~ (Fig. 3b). This was the only species where the computed
EA and VDE matched the observed ADE and VDE of the
fragment feature in the photoelectron imaging experiments
(red, Fig. 2). The D, for this product channel is calculated to
be significantly higher than the EA of Cur, meaning that the
sequential absorption of multiple photons is required for
dissociation to occur at visible wavelengths where this channel
was observed. Furthermore, statistical fragmentation is likely to
yield the lowest energy dissociation asymptote, meaning that
any other possible product channels are likely to be even higher

work.

/v < 2.8 eV (multiple photon )

—— Frag.
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S;—— — 149-+ 219
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Fig. 6 The multiple-photon electron loss processes of Cur~ observed in
photoelectron imaging (Fig. 2). At hv < 2.8 eV, i.e. below the ADE of Cur™,
photon cycling over the S; state is observed, which results in the formation
of highly internally excited anions, which can fragment (red) or undergo
thermionic emission (green). The processes are coloured to match the
associated spectral features in Fig. 2.
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in energy than the observed product channel, including pro-
duct channels that result in the formation of other curcumi-
noids i.e. DMC or BDMC. No evidence was seen for a repulsive
dissociation (i.e. a rapid one-photon process), mediated by a
dissociative excited state of Cur, even at photon energies
higher than D,. This may be because there is no mediating
dissociative Cur™ state, or if there is a dissociative state, the Av
may have been insufficient for the vertical transition required
to access it.

Our gas-phase measurements are recorded under very dif-
ferent conditions very different from those relevant to biology,
with collision free conditions and large laser photoexcitation
energies, but our results are still significant. Firstly, our experi-
ments indicate that all the destructive pathways of Cur™ ie.
electron loss or fragmentation, are high in energy (2.8 eV and
3.85 eV above the ion ground state, kg7 equivalents, T ~
32500 K and 44 000 K). Thermally, therefore, Cur~ is a stable
molecule, such that fragmentation (or indeed electron loss) is
unlikely to be a route to the biological activity of curcumin.
Secondly, Cur~ has a number of low-lying bright excited
electronic states with large oscillator strengths which provide
a mechanism for the activation of curcumin via photo-
chemistry, and suggests that photochemical decomposition is
more likely than thermal decomposition, in accordance with
previous reports.'® However, the third important observation is
rapid IC from these excited states to the ground state, convert-
ing electronic energy to vibrational excitation. In the collision
free environment of the gas phase, this provides a mechanism
for heating Cur~ which leads to electron loss via thermionic
emission and statistical fragmentation. In contrast, in the
solution phase, or indeed a biological setting, the excess vibra-
tional energy will likely be rapidly transferred to the solvent via
collisions, suggesting a plausible mechanism for producing
vibrationally cool ground state Cur after photoexcitation.
Therefore, despite the presence of numerous bright electronic
states, it is likely that intermolecular vibrational relaxation
(IVR) of energy to the surroundings will provide some photo-
protection for curcumin. Furthermore, the work presented here
may indicate that previously reported photochemistry in
solution is likely to be occurring on the ground state, rather
than via excited-state processes, and ultimately it would be very
interesting to perform time-resolved measurements in the
future to determine the lifetimes of the mediating excited
states.'” Taken together, our results indicate that Cur~ is likely
to be a thermally and photochemically stable molecule under
ambient conditions, and therefore likely to be the most pre-
valent species, rather than a metabolite, in biological settings.

Understanding the fundamental structure and dynamics of
Cur™ allows us to comment on some potential mechanisms for
the biological activity and therapeutic pathways of curcumin.
For example, the photoproduct, 1497, is structurally similar to
an oxidative metabolite highlighted as a possible intermediate
in the biological activity of neutral curcumin.'* However, given
the high D, and the statistical photodissociation mechanism,
which would likely be quenched in biological settings, this
fragmentation pathway is unlikely to be the route to biological
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activity of curcumin. Of course, under biological conditions, it
is possible that other effects are contributing beyond the
intrinsic dynamics of the molecule, such as strong nucleophiles
inducing chemical reactions or enzyme mediated pathways.””
Furthermore, our measurements can help understand the role
that curcumin plays in photodynamic therapy, particularly as a
treatment for melanoma. Specifically, there have been sugges-
tions that the anti-cancer activity of curcumin in combination
with light arises from the increased formation of reactive
oxygen species (ROS), which lead to cell death."® Our measure-
ments would support this picture, by providing a mechanism
for curcumin to ‘heat’ the local environment and therefore
promote the formation of ROS, via a cycle of photoexcitation, IC
and IVR. Given the stability of Cur~ observed here, this cycle
could be repeated many times for a single molecule.

The mechanisms of biological activity for active compounds,
such as curcumin, are often very complex, and probing such
processes is very challenging to do reliably either via experiments
or computations. However, here we have demonstrated that
photoelectron imaging and action spectroscopy, as well as
electronic structure calculations, can provide a coherent picture
of the intrinsic structure and dynamics of Cur~, despite this
being a large and complex molecule. From this, we can add
complexity, either by applying our fundamental understanding
of curcumin’s structure to experiments performed in more
complex environments, such as solution phase spectroscopy,
or adding complexity in the gas phase, for example, by perform-
ing cluster experiments. Either way these experiments indicate
the potential benefits of performing gas-phase measurements on
isolated molecules to understand complex biological systems.

Conclusions

Gas-phase spectroscopy has been used to study the intrinsic
structure and dynamics of Cur™, with the aim of understanding
the biological activity of curcumin. Photoelectron imaging,
electron action spectroscopy and electronic structure calcula-
tions of Cur~ have demonstrated that it is a thermally stable
molecule. The presence of several bright electronic states
facilitates photoexcitation, but Cur™~ returns to the electronic
ground state readily via rapid internal conversion. In the gas-
phase, this leads to electron loss and fragmentation, but in
solution phase, it may lead to rapid ‘heating’ of the local
solvent. Such a process may explain the biological action of
curcumin as a photodynamic therapeutic. Furthermore, despite
the observation of a gas-phase photoproduct which resembles a
proposed intermediate in biological activity of curcumin,
ground state dissociation is highly unlikely in a biological
setting, given the large bond dissociation energies and statis-
tical dissociation mechanism, which is likely to be readily
quenched in solution.
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