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A polycyclic aromatic hydrocarbon diradical with
pH-responsive magnetic properties†
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By integrating azulene with a quinoid moiety, a novel non-alternant polycyclic aromatic hydrocarbon
molecule BCHF1 exhibiting manifold zwitterionic, quinoidal and diradical behaviors is designed and
synthesized. Its zwitterionic feature is evidenced by the changes shown by the 1H-NMR and absorption
spectra when the molecule undergoes reversible protonation and deprotonation reactions at varied pH.
The diradical facet, manifesting a small singlet–triplet energy gap (DES–T), is characterized with
a paramagnetic resonance signal detected by the EPR spectroscopy at room temperature. As the
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diradical properties are not observed in the protonated form, BCHF1+H+, a pH-controlled reversible

DOI: 10.1039/d0sc00770f

successively adding bases and acids to a solution or exposing a thin ﬁlm of BCHF1+H+ to base vapor
followed by acid vapor.

magnetic switching behavior is illustrated by monitoring the on and oﬀ cycles of EPR signals upon
rsc.li/chemical-science

Introduction
Owing to the unique properties conferred by the magnetic spin
and open-shell electronic feature, organic radicals have attracted growing research interest as emerging functional materials
with potential applications in diverse elds, including molecular magnetism,1,2 magneto- and opto-electronics,3–7 etc. Among
the various capacities, molecules exhibiting diﬀerent spin states
and thus switchable magnetic properties responsive to external
stimuli, such as light,8–10 temperature,3,11–14 pH15,16 and redox
conditions,17 are of special value.18–23 The major challenge in
developing functional materials lies in the evasive nature and
low stability of organic (poly)radicals, due to their open-shell
electronic characteristics. Compared to the light hetero-atom
(N or O) analogues, polycyclic aromatic hydrocarbon (PAH)
polyradicals are even more diﬃcult to stabilize. Nonetheless,
owing to their unique optical, electronic and magnetic properties which are valuable to versatile applications,24,25 continual
research endeavours are made for designing and synthesizing
new persistent PAH radicals, and tremendous progress has
been witnessed in past decades.26–30 In particular, devising
suitably extended polycyclic quinoidal scaﬀolds has been
demonstrated as an eﬀective strategy to induce the open-shell

diradical state, by gaining stabilizing energy from aromatizing
multiple quinoid rings.
Among the diﬀerent stimulating mechanisms, we are interested in developing a pH-sensitive molecular magnetic switch
by harnessing the diradical–quinoidal bistable states. This
necessarily entails integrating a pH-responsive unit with
a hydrocarbon moiety capable of swapping between the openshell and closed-shell electronic structures. To this end, azulene31–36 attracted our attention for possessing a unique bicyclic
zwitterionic scaﬀold (Fig. 1a) comprising an electron-rich vemembered ring which is capable of reversible protonation
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Fig. 1 (a) Azulene and its protonated form; (b) indeno[2,1-b]ﬂuorene
with a distinct diradical feature; (c) quinoidal, zwitterionic, diradical and
protonated forms of BCHF1.
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under suitable pH conditions.37–39 We thus propose that, by
integrating the azulene skeleton with a quinoid moiety, a diradical molecule equipped with a zwitterionic feature may be
devised, and hence a pH-responsive magnetic capacity is
attained. Based on these considerations, we design BCHF1,
which consists of a polycyclic benzo[5,6]cyclohepta[1,2-b]uorene framework. That is, a quinoid moiety is fused in-between
the 5- and 7-membered rings of azulene and thereby a novel
PAH manifesting three diﬀerent resonance forms of diradical,
quinoidal and zwitterionic features is created. Among the three
states, the quinoidal form exhibits only one Clar sextet. Yet, the
diradical possesses three of such sextets, and the zwitterion
gains further stabilizing energy from the pseudo-aromatization
of the ve- and seven-membered-ring moieties, besides three
benzene sextets. Hence, the molecule is expected to manifest
more pronounced diradical and zwitterionic properties,
bestowing the designed pH-responsive magnetic-switching
capability (Fig. 1c).
Interestingly, in comparison to BCHF1, its regio-isomeric
molecule benzo[4,5]cyclohepta[1,2-b]uorene (BCHF2, Scheme
1), which was previously synthesized and studied by Chi and
Miao et al.,40 was shown to be a stable compound with no
evident diradical properties. Distinct diradical properties are
anticipated in BCHF1 and BCHF2, by drawing analogy with
a pair of indenouorene (IF) isomers,27,41–45 indeno[1,2-b]uorene and indeno[2,1-b]uorene. According to previous studies,43
indeno[2,1-b]uorene exhibits pronounced open-shell characteristics (Fig. 1b), by displaying a large diradical component (y)
of 0.65 with a small singlet–triplet energy gap (DES–T), whereas
indeno[1,2-b]uorene is shown to be a closed-shell molecule (y
¼ 0.26) with a dominant quinoid structure.44 Such disparate
behaviours are attributed to the extra Clar sextet gained by
indeno[2,1-b]uorene compared to indeno[1,2-b]uorene, upon
transforming from a quinoidal to a diradical form. This additional aromatizing energy helps stabilize the diradical state of
indeno[2,1-b]uorene. On the basis of these ndings with IF
isomers, we speculate that such contrasting diradical

Edge Article
behaviours should similarly be manifested by the benzocycloheptauorene isomers. That is, as an analogue of indeno[2,1-b]
uorene, BCHF1 would possess more pronounced diradical
character with a smaller DES–T than BCHF2, which is an
analogue of indeno[1,2-b]uorene.
Moreover, one extra Clar sextet is also acquired by the zwitterionic form of BCHF1 compared to BCHF2, relative to their
respective quinoidal states. Therefore, a more pronounced
charge separation feature is also expectable from BCHF1 than
BCHF2, which should enable more facile protonation of the
zwitterionic form of BCHF1, resembling the properties of azulene. As the paramagnetic state of BCHF1 is switched “oﬀ” upon
protonation, for eliminating the diradical resonance (Fig. 1c),
superior pH sensitivity and magnetic-switching capability can
thus be achieved.

Results and discussion
DFT calculations
Computational simulations were conducted to analyze and
compare the properties of BCHF1 and BCHF2. The calculations
were conducted at the level of (U)B3LYP/6-311G(d). The calculation results very well supported our hypothesis that BCHF1
should possess signicant open-shell characters, and a small
singlet–triplet energy gap (DES–T ¼ ES  ET, where ES and ET
represent the energy of the open-shell singlet and triplet,
respectively) of merely 1.84 kcal mol1 (Table S1†) was predicted, which was suﬃciently small for the existence triplet
species around room temperature. In comparison, a closedshell structure with a much larger DES–T of 18.49 kcal mol1
was obtained with BCHF2. Moreover, evident diﬀerences were
also noted with the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). While both
HOMO and LUMO of BCHF2 were much delocalized over the
entire polycyclic framework, the HOMO of BCHF1 was fairly
localized to the uorene moiety and the LUMO was mainly
distributed among the seven-membered ring and two fused
benzene units (Fig. S10†). Such more localized charge distribution predicted for BCHF1 was veried by a considerably
larger dipole moment (4.75 D) calculated for BCHF1 than
BCHF2 (2.76 D). Such properties evidently demonstrated the
more pronounced charge separation feature of BCHF1. Therefore, all these calculation results basically proved that, because
of the extra Clar sextet gained by the zwitterionic and diradical
states of BCHF1 than BCHF2, compared to their respective
quinoidal forms, the diradical and zwitterionic forms are more
important than the quinoidal form in BCHF1, whereas the
quinoidal form is comparatively more signicant in BCHF2,
which was conrmed by its crystallographic data.40
Synthesis and structural characterization

Chemical structures and synthetic routes. Reactions and
conditions: (a) MesLi, THF; (b) SnCl2, ethyl acetate; (c) BF3$Et2O, Et3SiH,
CH2Cl2.
Scheme 1
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Based on the above molecular design and calculation results, we
set out to synthesize and investigate the properties of BCHF1,
with BCHF2 examined for comparison. The preparation of
BCHF1 was rst attempted by adapting a similar synthetic route
previously developed for BCHF2.40 Specically, dione 1 (Scheme
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1) was obtained from 6-phenethyl-4-phenyl substituted mphthalate via dual intramolecular Friedel–Cras acylation, followed by bromination and elimination to convert the ethylene
linker to a conjugated vinylene bridge (see the ESI†). Then, by
carrying out a double nucleophilic addition to dione 1 with
mesityllithium, diol 2 was obtained as a direct precursor to
BCHF1. However, when a commonly applied reductive reagent
tin(II) chloride was used to reduce diol 2, we were not able to
isolate BCHF1. In order to conrm that the synthetic procedures were suitably performed, we independently prepared the
regio-isomer BCHF2 and found that under the same conditions
BCHF2 was successfully obtained as a green solid from analogous substrates. The structure of BCHF2 was veried by
comparing the characterization data to those reported in the
literature.40 Then, the molecule was conrmed to be diamagnetic by its silent electron-paramagnetic resonance (EPR)
spectrum and the quite normal NMR signals. The molecule was
also observed to display adequate stability under ambient
conditions.
As the reducing protocol using SnCl2 did not provide the
desired molecule BCHF1, alternative reducing conditions were
employed. Aer diol 2 was subjected to reaction with Et3SiH in
the presence of Lewis acid BF3$Et2O and maintained at 0  C for
about an hour, a substantial amount of red precipitation was
observed upon solvent evaporation. Besides the disparate
colour, the 1H NMR spectrum of this red product was evidently
dissimilar to that of BCHF2. While all 16 aromatic and vinylic
protons were detected in a relatively narrow chemical shi
range of 6.4 to 7.6 ppm with BCHF2 (see the ESI†), a set of
resonance signals shown by this red compound were found to
range widely from 5.6 to 9.6 ppm (Fig. 2a). Although the
appearance of both up- and down-eld shied signals was
initially suspected to arise from the zwitterionic feature of
BCHF1, inconsistency emerged unambiguously when 17 rather
than 16 proton resonances were identied between 5 and
10 ppm. While this observation ruled out the possibility that the
red product was the simple form of BCHF1, subsequently

performed high-resolution mass spectrometry conrms the
presence of an ion peak corresponding to the molecular mass of
BCHF1+H+. Combined with the 1H NMR data, we concluded
that the red compound was a protonated salt of BCHF1 (i.e.,
BCHF1+H+).
The formation of such a protonated structure was plausible
considering the reduction mechanism of triethylsilane, which
oﬀered a hydride upon the Lewis acid-facilitated removal of
both hydroxide groups from diol 2. The reduction by a second
hydride did not occur likely because of the high stability of the
cationic aromatic species BCHF1+H+, which boasted a sevenmembered ring hosting 6 electrons. Moreover, reasonable
assignments were made for all 17 proton signals detected in the
aromatic regime of the 1H NMR spectrum (Fig. 2a). The furthest
up-eld shied singlet at about 5.6 ppm was ascribed to the
tertiary H in the 9-position of the uorene moiety, and the
substantially down-eld shied signals appearing beyond
8 ppm were mostly assignable to protons around the polycyclic
moiety bearing the positive charge.
Finally, the unambiguous structure of BCHF1+H+, including
the identity of the counter ion, was revealed by X-ray crystallography performed with a single crystal of the red compound
(Fig. 3 and S13†). The molecule was shown to have a planar
polycyclic skeleton composed of linearly fused 6-5-6-7-6
membered rings, to which two mesityl groups were attached
almost perpendicularly via the ve- and seven-membered rings.
Nonetheless, from the bond angles it was perceptible that the 9position of the uorene moiety was protonated, assuming the
sp3 hybridization state. Moreover, the counter ion of this
protonated structure was identied to be tetrauoroborate
(BF4), which was positioned closer to the centre of the sevenmembered ring bearing a positive charge. The average bond
length of the seven-membered ring was 1.418 Å, slightly shorter
than that found with a dibenzotropylium cation derivative
(1.425 Å) reported in the literature.46 Thus, the calculated
harmonic oscillator model of aromaticity (HOMA) index47 of the
seven-membered ring in BCHF1+H+ (0.52) was also slightly

H NMR spectra of BCHF1+H+ in CDCl3 (a) and upon the
addition of pyridine-d5 (b) followed by excess TfOH acid (c).

Fig. 3 (a) X-ray crystallographic structure of BCHF1+H+ (counter ion
BF4 omitted for clarity); (b) selected bond lengths (Å) and the
calculated HOMA index of the seven-membered ring.

Fig. 2

1
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higher than that of the dibenzotropylium cation (0.48),46 suggesting a comparable aromatic character.

Acid/base-responsive properties
Subsequently, acid–base reaction experiments were conducted
to examine the properties of neutral BCHF1. The reversible
deprotonation of BCHF1+H+ and re-protonation of BCHF1 were
rst examined by monitoring the 1H NMR spectral changes in
response to consecutive additions of a base and an acid to
a solution of BCHF1+H+. As the neutral form of BCHF1 was
found to be unstable under ambient conditions, a small
amount of deuterated pyridine (pyridine-d5) was added to the
solution of BCHF1+H+ in CDCl3 under a nitrogen atmosphere.
Such sensitivity toward oxygen also corroborated the diradical
propensity of BCHF1. Upon addition of the base, almost all
resonances belonging to BCHF1+H+ vanished from the 1H NMR
spectrum (Fig. 2b), suggesting the formation of a paramagnetic
species. Only two aromatic signals remained at about 6.6 and
6.9 ppm, which were assigned to the aromatic protons on two
mesityl groups positioned relatively far away from the spins
distributed over the polycyclic framework. The fact that four
diﬀerent mesityl protons observed with BCHF1+H+ merged into
two sets in BCHF1 further corroborated the assumption that
deprotonation took place with the sp3-hybridized carbon-9 of
the uorene unit and resulted in a more symmetrized, planar
polycyclic skeleton. Next, an excess amount of triuoromethanesulfonic acid (TfOH) was added to this solution
containing in situ generated BCHF1, followed by some deuterated water to extract the excess acid and pyridinium triate salt.
Aer these procedures, all proton resonances characteristic of
BCHF1+H+ were recovered (Fig. 2c), with minor chemical shi
variations likely due to the solvent polarity and ionic strength
changes. These results clearly veried the occurrence of
reversible deprotonation and protonation processes occurring
to BCHF1+H+ and BCHF1, and that the latter displayed paramagnetic properties around room temperature, in agreement
with the small DES–T predicted by the theoretical calculations.
Next, the absorption spectral features of BCHF1+H+ and
BCHF1 were examined by varying the pH conditions and
compared to those of BCHF2. A solution of BCHF1+H+ in
CH2Cl2 depicted a series of absorption bands in the UV-visible
range from ca. 300 to 630 nm (Fig. S1†), which accounted for
the red colour of the compound. Upon the addition of pyridine
(ca. 1000 equiv.), the red colour of the solution turned lighter
and the absorption intensity was found to decrease only by
about 20%, while the overall spectral band shape remained
nearly unchanged (Fig. S2†). Such a phenomenon suggested
that the basicity of pyridine was not strong enough to
completely deprotonate BCHF1+H+. Although in the earlier
experiments, most of the 1H NMR signals of BCHF1+H+ were
observed to disappear completely upon treatment with pyridine, it was likely due to the rapid exchange processes between
the deprotonated paramagnetic and protonated diamagnetic
species. Thus, in order to completely deprotonate BCHF1+H+,
a stronger base was necessarily applied. We then found that
some strongly reductive bases, such as triethylamine (Et3N),
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caused noticeable decomposition of BCHF1, as evidenced by
the partial recovery of the absorption spectra in repeated acid–
base titrations (Fig. S2†).
Upon screening a set of diﬀerent bases, 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) appeared to oﬀer suitable basicity
while entailing minimum decomposition of BCHF1. Upon
adding ca. 2 equiv. DBU to a solution of BCHF1+H+ in CH2Cl2,
a drastic colour change from red to green was observed.
Meanwhile, the absorption spectrum showed evident changes,
with the original band replaced by a completely new set of
absorption peaks (Fig. 4). Particularly notable was the emergence of some pronounced long-wavelength absorption activities between 520 and 700 nm, which evidenced the formation of
a more delocalized framework featuring a quinoidal/diradical
structure, attributable to BCHF1. More importantly, the
absorption spectrum of BCHF1+H+ was completely restored
when the solution of BCHF1 was treated with TFA, evidencing
the conversion back to BCHF1+H+. When a larger amount of
DBU was then added to the same solution such as to re-generate
BCHF1, slightly attenuated absorptivity was observed, indicative of minor decomposition. Overall, BCHF1 produced by
treating BCHF1+H+ with DBU exhibited decent stability. By
continuously monitoring the absorption spectrum, its half-life
time in CH2Cl2 under a nitrogen atmosphere, in the presence
of a minimal amount of DBU, was estimated to be about 35
hours (Fig. S6†).
Analogous to the reversible protonation–deprotonation
behaviours demonstrated with BCHF1, similar processes were
also exhibited by BCHF2. The latter displayed completely
reversible absorption changes upon reacting with acids and
bases (Fig. S4†). Compared to the low-energy band shown by
BCHF1 curtailed at about 700 nm, the long-wavelength absorption of BCHF2 was extended to over 900 nm (Fig. S1†). Such
spectral diﬀerences were explained by TD-DFT calculations
(Tables S2 and S4†), which indicated that the low-energy transition from the HOMO to the LUMO was allowed for BCHF2, but
forbidden in BCHF1. This might as well be related to the more
pronounced diradical nature and considerably smaller DES–T of

Fig. 4 Absorption spectra of BCHF1+H+ in CH2Cl2 upon sequential
additions of DBU, TFA, and DBU again (the black and blue lines overlap
almost completely; spectra were collected from the same sample
subjected to repeated acid/base additions).
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BCHF1. In spite of the similar acid-based responsive spectral
behaviours, much diﬀered air stability was observed with BCHF2.
All the above acid–base reactions were conducted under ambient
conditions and no evidence of decomposition was detected even
when the solution of BCHF2 was exposed to a large excess of
Et3N. Such optimal stability was also a good indication that
BCHF2 did not possess observable diradical properties, which
was conrmed by its silence in the EPR spectroscopy.
Besides the absorption spectral properties, both molecules
also manifested distinctive uorescence emission responses to
pH changes. The protonated form of BCHF1+H+ was found to
be highly emissive in solution by showing an intense uorescence band around 600 nm. The uorescence was found to be
completely quenched upon de-protonation with DBU (Fig. S5†).
The non-emissive properties were consistent with the diradical
characteristic of BCHF1. Upon adding TFA to the solution, the
emission band was restored. Similarly, the neutral form of
BCHF2 was non-emissive in solution, but an intense emission
band was observed around 640 nm upon treatment with TFA,
which could be quenched again with excessive Et3N (Fig. S4†).
Next, the pH-sensitive magnetic-switching behaviours were
investigated with EPR spectroscopy. While BCHF2 was
completely EPR silent, the conjugated acid–base pair of
BCHF1+H+/BCHF1 demonstrated clearly pH-responsive EPR
intensity changes (Fig. 5). As a diamagnetic molecule,
BCHF1+H+ unsurprisingly showed no EPR signal in CH2Cl2
solution. When 2 equiv. DBU was added to this solution,

a conspicuous paramagnetic resonance signal immediately
appeared at g ¼ 2.0032, which was assignable to in situ generated BCHF1. Then, upon the addition of 20 equiv. TFA to the
same solution the EPR signal vanished, again. Subsequently, by
adding 20 more equivalents of DBU the EPR signal clearly
regenerated, with its intensity very close to that of the rst time
(Fig. S7†). This entire process was in complete consistency with
the absorption spectral changes observed earlier (Fig. 4). The
slight EPR intensity drop, indicative of minor BCHF1 decomposition, was mainly due to the relatively large amount of DBU
necessarily applied to neutralize excess TFA. Hence, we turned
to a diﬀerent acid, p-toluenesulfonic acid (TsOH) with a pKa
value better matching the pKb of DBU, such that minimized
amounts of acids and bases could be used to achieve better
reproducibility in the repeated interconversion between BCHF1
and BCHF1+H+, for inducing minimal decomposition. Next, by
successively adding a nite amount of DBU (2 equiv.) followed
by TsOH (2 equiv.), many more cycles of switching between the
“on” and “oﬀ” states of the EPR signal were realized (Fig. 5 and
S3†). These experiments very well demonstrated that BCHF1
could be swapped reversibly between the deprotonated paramagnetic and protonated diamagnetic forms via the dynamic
acid/base reactions in response to pH changes.
Next, the intrinsic magnetic properties of BCHF1 were
investigated. A featureless EPR signal with a g factor of 2.0036
was produced by BCHF1 in the solid state (Fig. 6a). The intensity

Fig. 5 (a) EPR spectra of BCHF1+H+ in CH2Cl2 upon three cycles of
the addition of 2 equiv. DBU (B) followed by 2 equiv. TsOH (A); (b)
normalized EPR (@3336 G) and absorption (@570 nm) intensity
changes in each cycle.

Fig. 6 (a) Varied-temperature EPR spectra of BCHF1 in the solid state
(obtained by treating BCHF1+H+ in CH2Cl2 with 2 equiv. DBU followed
by evaporation under an inert atmosphere); (b) plot of IT vs. T (I, double
integral of the EPR signal; the ﬁtting curve shown as a red line).
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of this resonance peak was observed to decrease at lowered
temperatures, indicating the existence of a singlet ground state
with a thermally accessed triplet state. By tting the values of IT
as a function of T using the modied Bleaney–Bowers equation
(Fig. 6b),48 a DES–T value of 0.95 kcal mol1 was estimated for
BCHF1, which was in a reasonable agreement with the calculated value (1.84 kcal mol1). Also, such a singlet–triplet
energy gap was much smaller compared to those reported for
various studied indeno-uorene isomers,28,43 suggesting that
a more pronounced diradical propensity was manifested by
BCHF1.
In light of its impressive pH-sensitive magnetic switching
properties illustrated in solution, the capability of BCHF1+H+
for responding to gaseous acids and bases in the solid state was
also tested. First, a thin lm of BCHF1+H+ was prepared by
evaporating its CH2Cl2 solution under a nitrogen atmosphere.
Then, the vapour of DBU was introduced to induce a reaction
with the lm. The dark red lm was observed to turn green
gradually over 5 minutes. The absorption spectrum change,
particularly the emergence of the peak around 670 nm, clearly
indicated the formation of BCHF1 in the thin lm (Fig. S9†).
Subsequently, the lm was exposed to the vapour of TFA, and its
green colour quickly turned back to dark red in merely one
minute, with the absorption spectrum restored to the protonated state as well. The faster kinetics observed with reprotonation was assumed to be related to the higher vapour
pressure of TFA. These deprotonation and re-protonation
processes were also monitored with EPR spectroscopy. A clear
rise in the EPR signal was detected when the thin lm of
BCHF1+H+ was exposed to DBU vapour, and a complete silence
of the resonance signal was also recorded when the lm was
then exposed to the TFA vapour (Fig. S9b†).

Conclusions
In summary, by integrating a quinoid moiety with azulene,
a novel non-alternant hydrocarbon BCHF1 featuring multi-facet
zwitterionic and diradical properties was designed. By virtue of
the zwitterionic feature conferred by the azulene-like structure,
BCHF1 easily adopted a proton and formed a stable compound
in its conjugated acid salt state (i.e., BCHF1+H+). This salt was
successfully isolated and characterized by 1H NMR spectroscopy
and single-crystal X-ray crystallography. It could be converted to
its neutral form of BCHF1 by reacting with organic bases, such
as DBU. The diradical properties of BCHF1, featuring a small
DES–T, were clearly evidenced by the conspicuous EPR signal
detectable around room temperature, since the closed-shell
quinoidal and zwitterionic states should both be EPR silent.
The varied-temperature EPR experiments further revealed an
impressively small DES–T of ca. 0.95 kcal mol1 for BCHF1,
indicative of a singlet ground state with a thermally accessed
triplet state. By monitoring the recurrent disappearance and reappearance of 1H NMR and EPR signals in response to repeated
additions of acids and bases to the solutions of BCHF1+H+, the
molecule was clearly demonstrated to undergo reversible
deprotonation and protonation reactions, thereby switching
between the paramagnetic and diamagnetic forms.
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Additionally, the thin lm of BCHF1+H+/BCHF1 was shown to
be responsive to the vapour of DBU and TFA by manifesting
dramatic absorption changes and reversibly turning on and oﬀ
its EPR signal. Basically, by harnessing a dynamic protonation
process of a unique zwitterionic/diradical molecule, a pHcontrolled switching mechanism between the paramagnetic
and diamagnetic states was realized. To the best of our knowledge, this is the rst example of a PAH showing acid/baseresponsive magnetic-switching properties, which is envisioned
to open up new opportunities for designing stimuli-responsive
organic magnetic materials.
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