
A

a
u
g
©

K

1

“
o
c
i
a
i
m
c
p
n
p
h
t
p

r
d
s
A

T

w
f

1
d

Journal of Photochemistry and Photobiology A: Chemistry 186 (2007) 202–211

Proton transfer of magnolol in ground and excited states

Hongmei Li, Yunqing Wang, Zhengyu Yan, Huipeng Feng, Yuzhu Hu ∗
School of Basic Science, China Pharmaceutical University, Nanjing 210038, China

Received 5 June 2006; received in revised form 17 July 2006; accepted 12 August 2006
Available online 23 August 2006

bstract

Magnolol, 5′,5-di-2-propenyl-[1,1′-biphenyl]-2,2′-diol, has been characterized by steady-state and time-resolved spectroscopy as well as 1H MR

nd 13C NMR. And the proton transfer reactions both in ground and excited states have been investigated. The binary acid enhances its acidity
pon excitation at the first deprotonation reaction and exhibits strong photoacidity. The relationship between the spectroscopic property and the
eometric conformation of magnolol with unique biphenyl group has been discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Magnolol is the major phenolic element of the plant medicine
Houpo” (Magnolia officinalis), which is used in the treatment
f chest tightness and asthma. It has various pharmacologi-
al functions such as effecting on smooth muscle cells [1,2],
nhibiting muscle contraction [3], possessing antioxidant effects
pproximately thousandfold stronger than alpha-tocopherol [4],
ncreasing cytoplasmic free Ca2+ through a phospholipase C-

ediated pathway, involving in a new activation mechanism
losely associated with intracellular Ca2+ mobilization [5], and
roducing neurotrophic effects in primary cultured rat cortical
eurons [6], relieving age-related neuronal loss in the hippocam-
us [7]. However, less investigation in the spectroscopic property
as been reported although the fluorescence and absorption spec-
ra of magnolol has been used in assay of M. officinalis and its
harmaceutical preparations.

Proton transfer, both in ground and excited states, plays a key
ole in many biological processes. The acid-base properties of

rug compounds are important to certain biochemical processes
uch as biological uptake, activity, transport and distribution.
s is well known, hydroxyarenes are photoacids of which the
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cidity greatly increases upon spectroscopic excitation from the
round state. For instance, naphthol, phenol and their substituted
erivatives have been extensively investigated both experimen-
ally and theoretically [8–11]. The absorption of a photon by a
hotoacid triggers a succession of reactions contributing to the
verall phenomenon of excited-state proton transfer (ESPT). It
as been noticed that the overall action of light on such systems
s completely different, though ESPT is an important step in all
f them [12–17]. The proton-transfer reactions in ground and
xcited states of compounds are closely related to their elec-
ronic structures. The acidity of hydroxyarene shows a unique
ependence on the structure of the photoacid.

We are interested in the photoacidity of magnolol because of
ts unique structure of biphenyl group (as shown in Fig. 1) and,
n particular, because of the relative lack of study on photoacids
n the biological literature. Magnolol possesses a symmetrical
tructure, in which hydroxyl groups are in the ortho-position of
henyl group and in the para-position of allyl group. The degree
f the dihedral between the two benzene rings is affected by the
ntramolecular H-bonding between the two hydroxyl groups of
hich deprotonation determines the photoacidity of magnolol.
e have noticed the following important features of magnolol

elated to the investigation of magnolol photochemistry at our
xperimental conditions:
. The acidity of neutral magnolol molecule increases dramat-
ically upon electronic excitation. Although magnolol is a
binary acid with two hydroxyl groups, only the first proton
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Fig. 1. Structure of magnolol.

dissociation of excited-state has been observed. In aqueous
solutions the pKa1 value decreases by about 7 units upon exci-
tation.

. Neutral magnolol can transfer its proton to water but not to
methanol in the excited state, demonstrating single-peak fluo-
rescence (around 400 nm) in aqueous solution. The emission
band of excited monoanic magnolol HA−* appears in a wide
pH range from 0 to 14 with the intensity dependent on pH.
The emission band of excited neutral form H2A* at around
355 nm appears in acidic and neutral methanol and almost
disappears in water even at sufficiently low pH because of the
strong photoacidity and the occurrence of proton-quenching.
An apparent pK∗

a1 of excited-state is 0.57 from determination
by fluorescence titration.

. The first proton dissociation of ground-state results in red-
shifted absorption. The pKa1 7.54 and pKa2 14.38 of ground-
state have been obtained by fluorescence titration. Steady-
state and time-resolved spectroscopy and 1H NMR and 13C
NMR indicate no other reaction but the second deprotonation
occurs in strongly basic aqueous solution. Along with the
second deprontonation, an unusual blue-shifted absorption
has been observed and attributed to the change in geomet-
ric conformation of biphenyl group which takes place in the
transition from monoanion HA− to dianion A2− of ground-
state.

. Experiment

Magnolol was isolated from the cortex of M. officinalis Rhed.
he 99% purity was determined by HPLC. Water was deionized
nd redistilled. Solvents were used without detectable fluores-
ent impurities. The buffer solutions with pH from 4 to 12 were
repared with 0.1 mol L−1 solution of sodium phosphate and
.1 mol L−1 solution of hydrochloric acid, those with pH < 4
ere prepared with hydrochloric solution and those with pH > 12
ith sodium hydroxide solution respectively. The pH was mea-

ured with a PHS-2C pH-meter (Shanghai Analytical Instru-

ental Factory, China). The ionic strength of the buffers was

djusted to 0.1 mol L−1 with sodium chloride.
All experiments were performed at room temperature

22 ◦C). The UV absorption spectra were recorded on a Shi-

a
I
s
w

biology A: Chemistry 186 (2007) 202–211 203

adzu UV-2101PC spectrometer. Steady-state fluorescence
pectra of nondeoxygenated solutions were recorded on a
himadzu FR-5301 spectrofluorometer. Transient fluorescence
as detected using the time-correlated single-photon counting

TCSPC) method on an Edinburgh instrument. 1H NMR and 13C
MR spectra were recorded on Varian Gemimi series 300 MHz

pectrometer.

. Result

.1. Absorption spectra and absorption spectroscopic
itration

During the study of the pH dependence of absorption
nd emission, aggregation of magnolol should be avoided.
agnolol shows good linearity in the Beer’s law plot

ε = 6650 mol L−1 cm−1 at 284 nm) up to 0.1 mmol L−1 in
eutral aqueous solution. Thus, the absorption spectroscopic
itration was performed in water with the concentration of
× 10−5 mol L−1.

We investigated the absorption and fluorescence spectra in
queous solutions with pH from −0.3 to 14.7. In order to discuss
he results distinctly, the spectral data were divided into three
arts: (1) the strongly acidic region, pH from −0.3 to 3; (2) the
eakly acidic–basic region, pH from 6 to 10; (3) the strongly
asic region, pH from 13 to 14.7.

The absorption spectra at all pH values were shown in
ig. 2A, C and E, demonstrating transformation between neu-

ral, monoanionic and dianionic species. At low pH, the low-
nergy absorption peak with a maximum at 284 nm appeared
n aqueous solution. With pH increasing from 6 to 9, the low-
nergy absorption gradually shifted to a new peak with a max-
mum at 316 nm. Two clear isoabsorptive points at 267 and
94 nm were observed. The spectral transformation could be
ttributed to the first deprotonation reaction, the absorption band
t 284 nm and that at 316 nm were assigned to the neutral mag-
olol H2A and the monoanionic magnolol HA−, respectively.
ith further basification up to pH 13, both the absorption max-

mum did not change. Upon increasing concentration of NaOH
rom 0.1 to 6.0 mol L−1, the absorption peak with a maxi-
um at 316 nm was gradually blue-shifted to 309 nm. The first

eprotonation constant of ground-state pKa1 could be deter-
ined by monitoring the absorbance at 316 nm where H2A has

o absorbance. The UV-absorbance titration curve at 316 nm
as presented in Fig. 3A with the inflection point at around
H 7.37.

.2. Steady-state fluorescence spectra in methanol solution

The emission of magnolol in methanol was different from
hat in water. The emission bands in neutral methanol coincided
ith that in acidic methanol with a maximum at 355 nm. With

ddition of NaOH to methanol, the emission band at 355 nm dis-

ppeared and a new emission band at 400 nm emerged, see Fig. 4.
n methanol with addition of HClO4 up to 0.1–3.6 mol L−1, a
trong proton quenching was observed. The quenching curve
as shown in Fig. 5. Water acted effectively to change the
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Fig. 2. Absorption spectra and fluorescence spectra of magnolol in water as function of pH: (A) absorption spectra in acidic pH region; (B) fluorescence spectra in
acidic region; (C) absorption spectra in weak acidic–basic region; (D) fluorescence spectra in weak acidic–basic region; (E) absorption spectra in strong basic region;
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F) fluorescence spectra in strong basic region. In (B), (D) and (F) the excitatio
ash lines. The excitation wavelengths were shown on the excitation spectra.

mission spectra of magnolol in methanol. With increasing con-
entration of water, the emission around 355 nm decreased in
ntensity and the new emission around 400 nm appeared with
ncreasing intensity, as shown in Fig. 6. Meanwhile, we noticed
hat excitation spectra were also dependent on water concen-
ration. The low-energy excitation underwent a blue-shift from
92 nm in pure methanol to 284 nm in pure water which agree
ith the absorption spectra in methanol and in water. Thus, we

ssigned the emission band at 355 nm to H2A* and that at 400 nm

o HA−*. According to the emission spectra in aqueous solution
nder various pHs and in the mixtures of water–methanol, it was
oncluded that magnolol displayed effective ESPT to water, but
o ESPT to methanol.

i
T
m
r

tra were expressed as the solid lines and the emission spectra expressed as the

.3. Steady-state fluorescence spectra and fluorescence
itration in aqueous solution

In aqueous solution with pH from 0 to 14, the emission
and remained around 400 nm with pH dependence of inten-
ity. The excitation spectra at pH 6–9 matched the absorption
pectra well, see Fig. 2C and D. With pH increasing, the exci-
ation peak shifted from 284 to 316 nm, demonstrating that the
xcited species changed from neutral magnolol into monoan-

onic form based on the ground-state deprotonation reaction.
hus, the pKa1 of ground-state also could be determined by
onitoring the emission upon excitation at 316 nm. The fluo-

escence titration curve is presented in Fig. 3C. The inflection
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Fig. 3. Steady-state titration curves of magnolol in aqueous solution. (A) The
absorbance data at 316 nm at pH 6–10; (B) the fluorescence data with the excita-
tion at 284 nm at pH −0.5–4; (C and D) the fluorescence data with the excitation
at 316 nm at pH 6–10 and 12–14.8.
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ig. 4. Emission spectra of magnolol in methanol with 0.1 mol L−1 HClO4 (the
ash line) and with 0.1 mol L−1 NaOH (the solid line).
oint at the titration curve was observed around pH 7.54. Similar
o the absorption spectra, the emission is not influenced by the
H change from 10 to 12. In strongly basic region, an increase
n concentration of NaOH from 0.1 to 6.0 mol L−1 resulted in a

Fig. 5. Quenching of magnolol by HClO4 in methanol.
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ig. 6. Emission spectra of magnolol in methanol-water mixtures. Water molar
ractions (from top to battom for H2A* band at 355 nm) are: 0, 0.101, 0.183,
.252, 0.309, 0.359, 0.402 and 0.528).

uick decrease in emission intensity. The new spectral transition
ay be due to the following possible reactions: (1) the second

roton dissociation of ground-state, (2) the second proton disso-
iation of excited-state, and (3) production of other compounds.
nlike the blue-shifted absorption spectra under the same condi-

ion, the excitation peak remained at 316 nm, which indicated the
xcited band was due to the ground-state monoanion HA− and
he emission came from the excited monoanion HA−*. In addi-
ion, the 1H NMR and 13C NMR spectra and the time-resolved
easurement at various pH values showed no production of

ther compounds (to be discussed in the latter section). Thus,
e attributed the spectral transformation to the second proton
issociation of ground-state. The dissociation constant pKa2 was
etermined by fluorescence titration at pH 12.2–14.8. The titra-
ion curve was presented in Fig. 3D with the inflection point at
H 14.38. In the strongly acidic region another spectra transition
ccurred. With decreasing pH from 6 to 4.0, the emission did not
hange significantly. Nevertheless, from pH 4.0 to 0.3, the inten-
ity decreased without change in the emission peak. With further
cidification of HCl more than 1.0 mol L−1, the emission band
nderwent a significant blue-shift with a decrease in intensity,
ee Fig. 2B. This indicated the higher concentration of pro-
on had restrained the occurrence of ESPT of neutral magnolol,
nd as a result the emission at 400 nm from HA−* decreased.
ecause of the proton quenching, the emission from the species
2A* was weak. The apparent pK∗

a1 was determined without tak-
ng into account proton quenching on excited monoanion HA−*.
he titration curve was shown in Fig. 3B.

.4. Time-resolved measurement and NMR spectra

Magnolol showed ESPT in water so effective that only the
mission band of excited monoanionic HA−* was observed
hen pH > 0, which was especially obvious in the time-resolved
easurement. The time-resolved signals in aqueous solutions
t pH = 4.0, 7.0, 9.0, 12.0 and 14.0 were detected at 400 nm
sing TCSPC technique. All the fluorescence decays were
ingle-exponential and the deconvolution fits indicated a con-
tant lifetime of 4.5 ns with theχ2 = 1.06–1.12. Fig. 7 is an
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ig. 7. Time-resolved fluorescence emission of magnolol in aqueous solution
t pH 10.
xample of the experimental kinetic data fitting. The dot curve
s the time-resolved emission data and the solid curve is the
heoretical calculation for the component convoluted with the
nstrument response function (IRF). It is confirmed that only
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Fig. 8. 1H NMR spectra of magnolol in 4/6 (v/v) CD3O

Fig. 9. 13C NMR spectra of magnolol in 4/6 (v/v) CD3O
biology A: Chemistry 186 (2007) 202–211

ne emission form exists in aqueous solutions in such wide pH
ange.

To confirm only the second deprotonation reaction of ground-
tate occurred in the strongly basic region, we measured the
H NMR and 13C NMR spectra in 0.1 and 6 mol L−1 NaOH
olutions, respectively. The experiments were performed in 4/6
v/v) CD3OD–D2O mixture because of the poor solubility of
agnolol in pure water. The H1 NMR and C13 NMR spectra
ere presented in Figs. 8 and 9, respectively. Table 1 shows the

omparison of the chemical shifts under different pH condition.
o distinct change in the signals of all hydrogen atoms was
bserved, which demonstrated that no other transition but the
roton dissociation of monoanionic magnolol HA− occurred.
he number of the dissociated protons was not directly detected
ecause of the fast exchange of active hydrogen atoms. The
verage chemical shifts of all the atoms at the corresponding

ositions in the benzene rings were caused by the symmet-
ical biphenyl structure. However, the dissociation reactions
an be characterized by the chemical shift of the carbon atom
C2) bonding directly to the hydroxyl group. The signals of

D–D2O mixture with NaOH 0.1 and 6 mol L−1.

D–D2O mixture with NaOH 0.1 and 6 mol L−1.
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Table 1
Comparison of the chemical shifts of magnolol under different pH condition

Atom In CDCl3a In MWb with 0.1 M NaOH In MWb with 6 M NaOH

C1 123.9 130.00 128.58
C2 150.9 158.14 160.11
C3(H3) 116.6 119.90 (6.774) 119.80 (6.701)
C4(H4) 129.9 129.37 (7.031) 128.98 (6.868)
C5 133.2 130.42 131.02
C6(H6) 131.2 131.19 (7.175) 131.71 (7.025)
C7(H7) 39.3 40.00 (3.300) 40.20 (3.189)
C8(H8) 137.5 139.87 (5.990) 139.95 (5.877)
C 115.5
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a From Ref. [19].
b Represented the (v/v) 4/6 CD3OD–D2O mixture.

2 atom shifted to the lower field with the deprotonation of
ydroxyl group. The magnolol exhibited its neutral form with
50.9 ppm of C2 and 123.9 ppm of C1 in CDCl3 (adapted from
ef. [18]) and the monoanionic form with 158.1 ppm of C2 and
30.00 ppm of C1 in 0.1 mol L−1 NaOH CD3OD–D2O solu-
ion and the mixture of monoanionic and dianionic forms with
60.11 ppm of C2 and 128.38 ppm of C1 in 6 mol L−1 NaOH
D3OD–D2O solution, respectively.

. Discussion

.1. Proton dissociation in ground-state and excited-state
n aqueous solution

From the discussion above, the relationship between the spec-
roscopy and the proton transfer reactions of magnolol was
hown in Scheme 1.

Depending on pH, three ground-state species exists in the
eutral form H2A, the monoanionic form HA− and the dian-
onic form A2−. We associate the 284 nm absorption at lower
nd neutral pH with H2A, the 316 nm absorption at high pH
ith HA− and the 309 nm absorption at higher pH with A2−. The

quilibrium between H2A and HA−, characterized by absorp-
ion titration with a pKa1 7.34, is about 2.5 units lower than that

f phenol which has been reported with the ground-state pKa
.82 and the excited-state pK∗

a 4 [19,20]. It demonstrates a clear
lectron-withdrawing action of benzene ring. The substituted
henol with cyanide, the strong electron-withdrawing group,

cheme 1. Relation between the spectroscopy and proton transfer reactions of
agnolol.
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8 (5.032) 115.42 (4.932)

as also reported with low pKa value, e.g., o-cyanophenol with
Ka 6.97 and pK∗

a 0.66 [21]. The pKa1 and pK∗
a1 (apparently

.57) of magnolol is similar to those of o-cyanophenol. Obvi-
usly, the Hückel coefficient of substituted group of phenyl at
he ortho-position is large, and close to that of cyanide.

It is the acid–base equilibriums in ground state that results
n the pH dependence of fluorescence intensity at pH > 4. The
rst deprotonation of ground-state causes an increase in fluores-
ence intensity upon excitation at 316 nm at pH 6–9. The second
eprotonation in ground-state causes a decrease in fluorescence
ntensity upon excitation at 316 nm at pH > 12. The pKa1 is 7.56
etermined by fluorescence titration, quite closed to that by
bsorption titration. The pKa2 value is 14.38 from determination
y fluorescence titration. In the range pH < 4, the decrease in flu-
rescence intensity is caused by the first excited deprotonation
eaction and proton quenching. The apparent pK∗

a1 is 0.57 deter-
ined by fluorescence titration. The value should be lower than

hat by kinetics method due to the effect of proton quenching.
nother approach forpK∗

a determination is the Förster equation
22]:

Ka − pK∗
a = NAh(νabs − ν′

abs)

2.303RT

here νabs and ν′
abs are the frequencies of the lowest absorp-

ion bands of the neutral form and the deprotonic form, NA the
vogadro number and h is the Planck constant. However, in
ractice the validity of Förster approach is questionable due to
olvent relaxation around the conjugated acid–base pair [10,23].
n this case, the pK∗

a value by Förster approach of 3.6 is 3 units
arger than that by fluorescence titration. The summary of all

he pKa values obtained by different methods is presented in
able 2.

According to the pKa determined by fluorescence titration,
he pH dependence of the molar fraction, α, of every species of

able 2
Ka values of magnolol in the ground and excited states

ethod pKa1 pKa2 pK∗
a1

V-absorbance titration 7.37
luorescence titration 7.54 14.38 0.57
öster equation 3.60
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Fig. 10. The molar fraction distribution of the round and excited forms of mag-
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a1).

agnolol in the ground and excited states is shown in Fig. 10.
2A is the dominating ground-state form at pH < 6. HA− is

he dominating ground-state forms at pH 9–12. HA− gradually
ecomes A2− at pH > 12. With respect to the excited forms,
A−* is overwhelming at pH > 4. H2A* exists in a strongly

cidic region, but its emission is rather weak in aqueous solution
ecause proton quenching becomes strong in such pH condi-
ion. With the assumption that the ground-state form has the
ame excitation-efficiency and the excited form has the same
mission-efficiency under various pH conditions, the relative
oncentration of HA−* can be evaluated. We defineXHA−∗,284 =
H2A · αHA−∗ when H2A is excited, and XHA−∗,316 = αHA− ·
HA−∗ when HA− is excited. The curves of XHA−∗ is shown

n Fig. 11. The curve of I316 is in excellent agreement with the
urve of XHA−∗,316 in rather wide pH range, which confirms that
he pH dependence of fluorescence intensity is caused by the
cid–base equilibriums of the ground state at pH > 4. By com-
arison between the curves of I284 andXHA−∗,284, it is found that
he two lines are identical at lower pH but discrepant at higher

−*
H, which is resulted from proton quenching on HA at low
H. So the pK∗

a1 value measured by fluorescence titration should
e lower than the actual value.

ig. 11. Comparison of the emission intensity with the relative concentration of
A−* (XHA−∗ ) under various pH conditions.
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.2. Water concentration dependence of ESPT in
ater–methanol mixtures

Magnolol shows no ESPT in pure methanol. But the EPST is
ighly sensitive to the presence of water and very little amount
f water induces a small but detectable 400 nm-emission from
A−* in methanol, see Fig. 6. With the further addition of water,

he increase in the HA−* emission and the decrease in the H2A*

mission indicates strengthened ESPT. We have noticed the
mission spectra showed a strong variation in the methanol-rich
egion and moderate change in the water-rich region, at higher
ater concentrations the emission band is the same as that in
ure water, but the intensity decreased with water concentration
ncreasing. Similar effect also has been observed for other pho-
oacids, e.g., cyano-naphthol and hydroyquinoline [24–27]. It is
ttributed to (a) preferential solvation of the hydroxyl moiety
y water and (b) gradual change in the solvation energy of the
ntramolecular charge transfer. The recent kinetics analysis has
emonstrated that the dissociation rate constant was proportional
o a power of water concentration for various photoacids, which
ffected the spectral behaviors of photoacids in methanol-water
ixture [9,25,26].

.3. Proton quenching in methanol

As demonstrated in previous section, in neutral and acidic
ethanol, the excited species is neutral magnolol H2A*. Unlike

hat in water, the emission from H2A* shows large fluorescence
fficiency in neutral methanol and in 0.1 mol L−1 HClO4, see
igs. 4 and 6. Upon further addition of HClO4, the intensity
ecreases with a linear dependence upon the concentration of
ClO4.
The quenching does not fit the Stern–Volmer equation in

hich F0/F is expected to be linearly dependent upon the con-
entration of quencher with a slope equal to KD (KD = kqτ0),
he Stern–Volmer quenching constant. In contrast, as shown in
ig. 5, F/F0 is linearly dependent upon the concentration of the
uencher HClO4, shown as Eq. (1) with R2 = 0.999:

F

F0
= 1.02 + 0.21cHClO4 (1)

q. (1) is reasonable:

F

F0
= F0 − (F0 − F )

F0
= 1 − Fq

F0
(2)

here F0 and F are the fluorescence intensity in the absence and
resence of quencher, respectively, and Fq is the fluorescence
ntensity quenched by quencher. The fluorescence intensity
bserved for a fluorophore is proportional to its concentration in
he excited state. Thus Fq/F0 is equal to [H2A*]q/[H2A*]0, where
H2A*]q and [H2A*]0 are the populations of the excited-state flu-
rophore quenched by HClO4 and decayed by fluorescence in

he absence of quencher, respectively:

H2A∗]q =
∫

kqcHClO4CH2A∗ dt (3)



H. Li et al. / Journal of Photochemistry and Photobiology A: Chemistry 186 (2007) 202–211 209

nd neu

[

T

[

[

w
r
q

W
k

4
s

k
a
b
t
c
t
2
6
(
o
t
m

b
A
b
T
t
t
o
s
i
t
p
i
t
a
t
z
i

o
s
t
m
t
t
n
t
t
a
o

Fig. 12. Geometric structures of Honokiol a

H2A∗]0 =
∫

k0cH2A∗ dt (4)

hen

H2A∗]q = kqcHClO4

∫
cH2A∗ dt (5)

H2A∗]0 = k0

∫
cH2A∗ dt (6)

here kq and k0 are the quenching rate constants and the fluo-
escence rate in the absence of quencher, respectively. Thus, the
uenching equation is established as follows:

F

F0
= 1 − kq

k0
cHClO4 (7)

e can conclude that the physical signification of the slope is
q/k0 in Eq. (1).

.4. Relationship between the spectra and the geometric
tructures

With the proton dissociation from hydroxyl group, to our
nowledge, the absorption spectra of aromatic alcohols undergo

red-shift, often concomitant with a hyperchromic effect
ecause the conjugated system becomes larger with the par-
icipation of the orbital of the deprotoned oxygen atom. In
omparison with neutral magnolol H2A, the low-energy absorp-
ion band of the monoanion HA− underwent a red-shift from
84 to 316 nm, with an increase in mole absorbance from
450 mol L−1 cm−1 (determined at pH 4) to 8910 mol L−1 cm−1
determined at pH 11). However, the low-energy absorption band
f the dianion A2− underwent a significant blue-shift concomi-
ant with a hypochromic effect in contrast with the behavior of

onoanion HA−, see Fig. 2C and E.

o

f
a

tral, monoanionic and dianionic Magnolol.

The geometric conformation of biphenyl in magnolol should
e considered to explain the unusual absorption blue-shift.
mong substituted biphenyl compounds, the dihedral angle
etween two benzene rings varies from 0◦ (co-planar) to 90◦.
he variations of the angle are not only due to the quantity,

he property and the size of the substituted groups, but also
he substituted position [28–30]. The crystal X-ray diffraction
f magnolol has demonstrates a dihedral angle of 44.9◦, even
ubstituted by the fairly large allyl [31]. This smaller angle
nduces the best possible intramolecular H-bonding between
he two rings: O· · ·O distance is 2.60 Å. Honokiol, 5′,5-di-2-
ropenyl-[1,1′-biphenyl]-2,4′-diol (as shown in Fig. 12) is one
somer of magnolol. Nevertheless, because of the positions of
he hydroxyl groups, its crystal X-ray diffraction demonstrates
n angle of 57.14◦ [32], rather larger than that of magnolol due
o the absence of the intramolecular H-bonding between ben-
ene rings. Therefore, the intramolecular H-bonding plays an
mportant role in the geometric conformation of magnolol.

When neutral magnolol H2A dissociates one proton from
ne of the hydroxyl groups, the intramolecular H-bonding is
trengthened. The smaller the dihedral angle is, the stronger the
wo benzene rings are conjugated. With regard to the dianion of

agnolol A2−, the dissociation of both the two protons leads to
he vanishing of the intramolecular H-bonding, which enlarges
he dihedral. In addition, the strong coulombic repulsion by the
egative charges on the two rings strengthens the twisting fur-
her. The enlarged dihedral angle weakens the conjugation of the
wo benzene rings system. Accordingly, an absorption blue-shift
nd hypochromic effect takes place. The proposed conformation
f monoanionic and dianionic magnolol is presented with that

f neutral magnolol and honokiol in Fig. 12.

The photoacidity is, in the traditional view, supposed to arise
rom an intramolecular charge transfer (ICT) from the oxygen
tom to the aromatic ring system [8]. However, recently theoreti-
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Fig. 13. Proposed mechanism for photocyclization of 2

al calculations on phenol and cyanophenol, as well as naphthol
nd cyanonaphthol, show that the ICT is larger in the depro-
onic form than in the acid form upon excitation [8,11]. The
xcited-state reaction thus becomes more downhill, resulting in
nhanced photoacidity. Noam Agam [9] has interpreted why
xcited-state ICT from oxygen center is larger in the deprotonic
orm than that in the acid form by adopting the notions of aro-
aticity. All the factors strengthening aromaticity in the excited-

tate anion facilitate to stabilize the excited anion. As for mag-
olol, the geometry of biphenyl is probably the important reason
or the photoacidity. Huang et al. have reported a photocycliza-
ion of 2-(2′-hydroxypheny)benzyl alcohol in aqueous solution
nd proposed the mechanism involving a very fast twisting in the
iphenyl to a more planar geometry which is probably associated
ith deprotonation of the phenol moiety of excited-state [33,34],

ee Fig. 13. We consider that the monoanion of magnolol turns
ore planar during the transition from the ground-state to the

xcited-state, and then a new conjugated system is established,
enerating a 4n + 2 (n = 3) aromatic system by delocalizing a pair
f oxygen electrons to the phenyl rings, as a result, the excited
onoanion HA−* is stabilized and magnolol exhibits a strong

hotoacidity. As for the excited-state dianion A2−*, the larger
ihedral angle weakens the conjugated system between the two
enzene rings and destabilized the excited dianion A2−*, which
robably accounts for no emission of A2−* was observed.

. Conclusion

Magnolol, the natural drug compound is classified as pho-
oacid. Its acidity shows a unique dependence on the structure
f the photoacid. With the properties of strong ESPT reactivity
nd the two acid–base equilibriums and the bright fluorescence,
agnolol can be a candidate of fluorescence probe, especially a

H probe with wide range pH. By summarizing the absorption
nd fluorescence and NMR spectra in various pH values, we
ssume that the geometric conformation of magnolol plays an
mportant role in its spectral properties.
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