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Proton-transfer interactions of 2,2

 

′

 

- and 4,4

 

′

 

-biphenyldiols with urea (U), 

 

N

 

-methylurea (MU), and triethylamine
(TEA) have been investigated in methanol solutions using optical absorption as well as steady-state and time-resolved
fluorescence measurements. In the ground state, both 2,2

 

′

 

- and 4,4

 

′

 

-biphenyldiols do not interact with weak proton accep-
tors, like U and MU. In the excited singlet (S

 

1

 

) state, only the 2,2

 

′

 

-biphenyldiol is seen to transfer a proton to U and MU,
via the formation of intermolecular hydrogen-bonded exciplexes as intermediates. With TEA, a strong proton acceptor,
both 2,2

 

′

 

- and 4,4

 

′

 

-biphenyldiols undergo an efficient proton-transfer reaction in their S

 

1

 

 state. In the ground-state, how-
ever, only 2,2

 

′

 

-analogue is seen to transfer a proton to TEA. The differences in the proton-transfer behavior of 2,2

 

′

 

- and
4,4

 

′

 

-biphenyldiols with different proton acceptors have been rationalized in terms of the presence and absence of in-
tramolecular hydrogen bonding in the two diols.

 

Hydroxy derivatives of aromatic hydrocarbons are stronger
acids in their excited states than in the ground states.

 

1–8

 

 Thus,
photoexcitation of these molecules can cause the transfer of a
proton from their hydroxy group to a suitable proton acceptor;
the latter could be an added solute or a solvent molecule having
a reasonable proton-accepting ability.

 

6–14

 

 Studies on the photo-
induced proton-transfer dynamics received momentum in the
last two decades, due to the advent of pico and femtosecond
spectroscopic techniques.

 

12–14

 

 The aim of such studies is to ob-
tain insight into the details of the kinetics and the mechanism
of the proton-transfer processes and also to understand the role
of a solvent environment in the proton-transfer reaction in a
condensed phase.

 

12–14

 

Dihydroxy derivatives of aromatic hydrocarbons are simple
model compounds for more complex biomolecules, like dity-
rosine and calmodulin.

 

15

 

 These molecules display interesting
behavior due to the possibilities to form both intra- and inter-
molecular hydrogen bonding.

 

16–22

 

 In our earlier studies on the
fluorescence properties of 2,2

 

′

 

- and 4,4

 

′

 

-biphenyldiols,

 

23

 

 it was
observed that the presence of intramolecular hydrogen bonding
in the 2,2

 

′

 

-analogue causes a drastic change in its photophysi-
cal behavior compared to those of the 4,4

 

′

 

-analoge, where in-
tramolecular hydrogen bonding is absent. Our studies on the
triplet-state characteristics and the photoionization behavior of
the above two diols using a nanosecond laser flash photolysis
technique also indicate the role of the intramolecular hydrogen
bonding in 2,2

 

′

 

-biphenyldiol to alter its properties in compari-
son to those of the 4,4-analogue.

 

24

 

 In the present work, we in-
vestigated the proton-transfer interactions of 2,2

 

′

 

- and 4,4

 

′

 

-bi-
phenyldiols, both in their ground and excited singlet (S

 

1

 

) states,
with different proton acceptors, like urea (U), methyl urea
(MU) and triethylamine (TEA). The aim of the present work is

to understand how the presence and absence of intramolecular
hydrogen bonding in the two respective biphenyldiols affect
the course of proton-transfer reactions with different acceptors.

 

Materials and Methods

 

Both 

 

2,2

 

′

 

-

 

 and 

 

4,4

 

′

 

-

 

biphenyldiols were obtained from
Aldrich and purified by repeated crystallization from cyclohex-
ane and methanol, respectively. Purest-grade U and MU were
obtained from Fluka and used without further purification.
TEA from Spectrochem India was purified by distillation just
before use. The organic solvents used were of spectroscopic
grade from either Spectrochem, India or S. D. Fine Chemicals,
India, and were used as received.

Absorption spectra were recorded using a Shimadzu model
160-A UV-vis spectrophotometer. Steady-state (SS) fluores-
cence spectra were recorded after a correction for the wave-
length-dependent instrument responses using a Hitachi model
F-4010 spectrofluorimeter. The instrument used for fluores-
cence lifetime measurements (Edinburgh Instruments model
199, U.K.) have been described elsewhere.

 

23,25

 

Results and Discussion

1. Ground State Interactions of 2,2

 

′

 

- and 4,4

 

′

 

-Biphenyl-
diols with Different Proton Acceptors.    

 

Interactions of 

 

2,2

 

′

 

-

 

and 

 

4,4

 

′

 

-

 

biphenyldiols in their ground states with weak proton
acceptors, like U (pK

 

b

 

 = 13.9)

 

26

 

 and MU (pK

 

b

 

 < 13.9),

 

27

 

 have
been investigated in methanol (MeOH) solutions using optical-
absorption measurements. Since solutions of 

 

2,2

 

′

 

-

 

biphenyldiol
in MeOH show a small contribution from the anionic form of
the molecule,

 

23

 

 we intentionally made the solutions slightly
acidic by adding a small amount of HClO

 

4

 

 to ensure that the
diol completely exists in its neutral form in solution. Unless
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otherwise stated, all of the present studies with 

 

2,2

 

′

 

-

 

biphenyl-
diol were carried out with such slightly acidic solutions in
MeOH. For 

 

4,4

 

′

 

-

 

biphenyldiol, solutions in MeOH were used
without adding any acid.

When U or MU was added to solutions of 

 

2,2

 

′

 

-

 

 or 

 

4,4

 

′

 

-

 

biphe-
nyldiol in MeOH, even up to the highest concentration of the
proton acceptors used (ca. 2.8 mol dm

 

–3

 

) there was no observ-
able change in the absorption spectra of these molecules. These
results thus indicate that the ground states of the biphenyldiols
do not interact with the U and MU molecules. In our earlier
work,

 

23

 

 it was observed that 

 

2,2

 

′

 

-

 

biphenyldiol undergoes a
strong proton-transfer interaction in its ground state with TEA
in an acetonitrile solution. Similar results were also obtained
with TEA in a MeOH solution in the present study. Since TEA
is a strong proton acceptor (pK

 

b

 

 = 3.25),

 

26

 

 the ground state of

 

2,2

 

′

 

-

 

biphenyldiol can undergo an efficient proton-transfer reac-
tion (Eq. 1) with TEA, though the diol does not show any inter-
action with weak proton acceptors, like U and MU.

Unlike 

 

2,2

 

′

 

-

 

biphenyldiol, the 

 

4,4

 

′

 

-

 

biphenyldiol in MeOH
does not show any appreciable interaction in its ground state,
even with a strong proton acceptor, TEA. Thus, the ground
states of the two biphenyldiols differ substantially in their in-
teractions with different proton acceptors. We attribute these
differences to the presence and absence of intramolecular hy-
drogen bonding in the two respective diols, as shown below by
structures 

 

I

 

 and 

 

II

 

, respectively (Chart 1). Due to intramolecu-
lar hydrogen bonding, the ground state of 

 

2,2

 

′

 

-

 

biphenyldiol is a
comparatively stronger acid (p

 

K

 

a

 

 = 7.5)

 

23

 

 than its 

 

4,4

 

′

 

-

 

analogue
(p

 

K

 

a

 

 = 9.4).

 

23

 

 Thus, the 

 

2,2

 

′

 

-

 

biphenyldiol can easily transfer
one of its phenolic protons (marked 2 in structure I) to a suit-
able proton acceptor, like TEA, though the diol does not inter-
act with weak proton acceptors, like U and MU. Due to its
weak acidity, the 

 

4,4

 

′

 

-

 

analogue does not undergo a proton-
transfer interaction in its ground state, even with a strong pro-
ton acceptor, like TEA. 

 

2. Excited Singlet (S

 

1

 

) State Interactions of 2,2

 

′

 

- and 4,4

 

′

 

-
Biphenyldiols with Weak Proton Acceptors like Urea and

 

N

 

-Methyl Urea.    2.1. Interactions of the S

 

1

 

 state of 2,2

 

′

 

-

 

Bi-
phenyldiol.    

 

The fluorescence spectra of 2,2

 

′

 

-biphenyldiol in
MeOH have been seen to undergo substantial changes in the
presence of U and MU. Thus, as the concentration of U/MU is
increased, the fluorescence intensity at 349 nm due to the neu-
tral form of the diol

 

23

 

 gradually reduces along with the devel-
opment of a new emission peak at 398 nm due to fluorescence
from the anionic form of the diol.

 

23

 

 Typical fluorescence spec-
tra for 2,2

 

′

 

-biphenyldiol in the presence of different concentra-
tions of U in MeOH are shown in Fig. 1. The SS fluorescence

results thus indicate that the S

 

1

 

 state of the diol {2,2

 

′

 

-
Bp(OH)

 

2

 

*} undergoes a proton-transfer interaction with U and
MU:

The quenching of the fluorescence intensity at 349 nm by U/
MU is seen to follow the linear Stern

 

−

 

Volmer (SV) relation-
ship,

 

28

 

where 

 

I

 

0

 

 and 

 

I

 

 are the fluorescence intensities in the absence
and presence of a quencher (Q = U and MU), 

 

K

 

SV

 

 is the SV
constant, 

 

τ

 

0

 

 is the fluorescence lifetime of 

 

2,2

 

′

 

-

 

biphenyldiol in
the absence of a quencher (

 

τ

 

0

 

 = 1.98 ns in MeOH),

 

23

 

 and 

 

k

 

q

 

 is
the bimolecular quenching constant. An SV plot obtained for
the 

 

2,2

 

′

 

-

 

biphenyldiol-U system using SS fluorescence mea-
surements in MeOH is shown in the inset of Fig. 1. The 

 

kq val-
ues obtained from the slopes of linear SV plots for 2,2′-biphe-
nyldiol-U/MU systems in MeOH solutions are about 1 × 109

and  0.8 × 109 dm3 mol–1 s–1, respectively. These kq values are
about an order of magnitude lower than the typical bimolecular
diffusion-controlled rate constants in MeOH solutions (kd ca. 1
× 1010 dm3 mol–1 s–1),28 indicating that the proton-transfer in-
teraction is not quite strong for 2,2′-biphenyldiol-U/MU sys-
tems.

If the quenching of the fluorescence intensity at 349 nm is
due to dynamic interactions between the S1 state of the diol and
the U/MU molecules, the fluorescence lifetime (τ) of 2,2′-
Bp(OH)2* is expected to be reduced in the presence of quench-
ers. Hence, the effect of added U/MU on the fluorescence de-
cays of 2,2′-Bp(OH)2* has been investigated in the presence of
different concentrations of quenchers. The decays were mea-
sured at 330 nm, a reasonably shorter wavelength than the fluo-
rescence peak of 2,2′-Bp(OH)2* (i.e. 349 nm), to minimize the

2, 2′-Bp(OH)2 + TEA −→ 2, 2′-Bp(OH)O− + TEAH+. (1)

Chart 1.

Fig. 1. Changes in the fluorescence spectra of 2,2′-
biphenyldiol in methanol with the added urea concen-
trations of (1) 0.0, (2) 0.4, (3) 1.2, and (4) 2.8 mol dm−3.
Inset: Stern–Volmer plot for the steady-state fluores-
cence quenching of 2,2′-biphenyldiol at 349 nm by urea
in methanol solution.

2, 2′-Bp(OH)2
∗+U/MU−→2, 2′-Bp(OH)O−∗+UH+/MUH+.

(2)

I0

I
= 1+KSV[Q] = 1+kqτ0[Q], (3)
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contribution of the emission from the anionic form of the diol
{2,2′-Bp(OH)O–*}. It is seen that for the lower concentration
range (< 0.5 mol dm–3) of U/MU used, the fluorescence decays
fit reasonably well with a mono-exponential function, and that
the fluorescence lifetime gradually reduces with the quencher
concentration. For a higher concentration range (> 0.5
mol dm–3) of the quenchers, however, the decays are seen to fit
better with a bi-exponential function with the short-lifetime
component (τ1) gradually reducing and the long-lifetime com-
ponent (τ2) remaining almost constant (ca. 3.3 ns) with U/MU
concentrations. The percentage contribution of the long-life-
time component is, however, seen to be quite small, only ca.
5% with the highest concentration of the quenchers used. Fur-
ther, the value of τ2 matches well with the fluorescence lifetime
of 2,2′-Bp(OH)O–* in MeOH.23 We thus infer from these re-
sults that for all of the U/MU concentrations used, the 2,2′-
Bp(OH)2* effectively decays as a single-exponential function,
and that the longer-lifetime (τ2) component at the higher
quencher concentrations is due to the small contribution from
the overlapping emission of 2,2′-Bp(OH)O–*. Typical fluores-
cence decay curves for 2,2′-biphenyldiol in a MeOH solution
in the absence and in the presence of U are shown in Fig. 2.

It can be seen that the SV plot for the reduction in the fluo-
rescence lifetime of 2,2′-Bp(OH)2* with the U/MU concentra-
tions (Eq. 4)28 shows a negative deviation from linearity, 

where τ0 is the lifetime of 2,2′-Bp(OH)2* in the absence of any
quencher and τ (= τ1 for the higher U/MU concentrations) is
the lifetime of 2,2′-Bp(OH)2* in presence of the quenchers. A
typical τ0/τ vs. [Q] plot for 2,2′-biphenyldiol-U system in
MeOH is shown in Fig. 3A.

The negative deviations in the τ0/τ vs. [Q] plots obtained
from the TR measurements (cf. Fig. 3A) indicate that the pro-
ton-transfer from 2,2′-Bp(OH)2* to U/ MU is not a single-step
process.28–30 It is proposed that some nonfluorescent exciplexes
(EX) are formed as intermediates during the proton-transfer
process, probably via intermolecular hydrogen bonding be-
tween 2,2′-Bp(OH)2* and the U/MU molecules. The quenching
of 2,2′-Bp(OH)2* by U and MU can thus be represented by
Scheme 1,28–30 where U represents both urea and N-methylurea
and hνn and hνa represent the fluorescence from the neutral and
anionic forms of the diol excited state, respectively.

Following Scheme 1 and assuming the steady-state condi-
tions, one can derive the following expression for the quench-
ing of the fluorescence intensity of 2,2′-biphenyldiol by U and
MU:28–30 

Fig. 2. Fluorescence decay curves of 2,2′-biphenyldiol
in methanol measured at 330 nm; (1) in absence of U,
(2) in presence of 0.4 mol dm−3 of U and (3) in pres-
ence of 2.8 mol dm−3 of U. Experimental decay curves
are shown by dots and the fitted curves are shown by
continuous line. The curve L represents the instru-
ment response function. The fitting parameters are: (1)
τ = 1.96 ns, χ2 = 1.15; (2) τ = 1.1 ns, χ2 = 1.2 and (3)
τ1 = 0.4 ns (95%) and τ2 = 3.3 ns (5%), χ2 = 1.0.

τ0

τ
= 1+KSV[Q] = 1+kqτ0[Q], (4)

Fig. 3. (A) The τ0/τ vs. [Q] plot obtained from the
TR fluorescence measurements for 2,2′-biphenyldiol-
urea system in methanol. The negative deviation from
the Stern–Volmer linearity (cf. Eq. 4) is clearly indi-
cated. (B) The {τ−1 − τ0

−1}−1 vs. [Q]−1 plot for 2,2′-
biphenyldiol-urea system in methanol following Eq. 10
in the text.

I0

I
= 1+

k3kpτ0[Q]
k4 +kp

. (5)
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According to Eq. 5, the SS fluorescence quenching should fol-
low a linear SV relationship, as experimentally observed (cf.
Inset of Fig. 1). Comparing Eqs.  3 and 5, kq can be expressed
as

Thus, kq for the above-mentioned systems studied does not rep-
resent the rate constant of a single step, but rather it is a func-
tion of a number of rate constants of different individual steps
involved in the exciplex mechanism.

To understand the extent of reduction in the fluorescence
lifetime of 2,2′-Bp(OH)2* in the presence of U/MU, one has to
consider the dynamic behavior of 2,2′-Bp(OH)2*. Following
Scheme 1 and assuming δ-pulse excitation, the dynamic behav-
ior of 2,2′-Bp(OH)2* can be expressed as28–30

where τ1, τ2, C1, and C2 are the complicated functions of the
rate constants of the individual steps in Scheme 1 (i.e. k1, k2, k3,
k4, and kp) and of the concentration of the quencher.28–30 Thus,
according to Eq. 7, the decay of 2,2′-Bp(OH)2* is expected to
follow a bi-exponential behavior under normal circumstances
in the presence of quenchers. However, under some limiting
conditions, especially when the equilibrium between 2,2′-
Bp(OH)2* and EX is established very fast (i.e. when k3[Q] >>
{k1 + k2} and k4 >> kp), the fluorescence decay of 2,2′-
Bp(OH)2* can effectively show a single-exponential behavior
with fluorescence lifetime given by28–31

where K (= k3/k4) is the equilibrium constant for the EX forma-
tion. Rearranging Eq. 8 further in accordance with Eq. 4, one
obtains 

According to Eq. 9, the τ0/τ vs. [Q] plots should show a nega-
tive deviation from the SV linearity, as experimentally ob-
served for the present systems. To get more insight into the
exciplex kinetics, Eq. 9 was further rearranged in a linear form
as 

Thus, a plot of {τ–1 – τ0
–1}–1 vs. [Q]–1 should yield a straight

line. A typical {τ–1 – τ0
–1}–1 vs. [Q]–1 plot obtained for the 2,2′-

biphenyldiol-U system is shown in Fig. 3B. From the slope and
intercept of such plots, the equilibrium constants for exciplex
formation (K = k3/k4) have been estimated to be 0.4 and 1.3 dm3

mol–1 and the exciplex lifetimes (τEX = kp
–1) have been estimat-

ed to be 0.25 and 0.42 ns, respectively, for the 2,2′-biphenyl-
diol-U/MU systems. 

Steady-state fluorescence quenching experiments have also
been carried out for the 2,2′-biphenyldiol-U/MU systems in
MeOH at different temperatures. Typical temperature depen-
dent SV plots, as obtained from the SS fluorescence quenching
of 2,2′-biphenyldiol by U, are shown in Fig. 4. It can be seen
that at all temperatures, the SV plots are linear and the quench-
ing becomes more efficient as the temperature of the solution is
increased. Similar results have also been obtained for the SS
fluorescence quenching of 2,2′-biphenyldiol by MU at different
temperatures. The temperature-dependent kq values obtained
from the linear SV plots (cf. Fig. 4) were analyzed using the
Arrhenius relation, as Eq. 11,32

where A is the preexponential factor, is the effective acti-
vation energy for the quenching process, R is the universal gas
constant and T is the absolute temperature. For the limited tem-
perature range studied (25−60 °C), the ln (kq) vs. 1/T plots were
linear within the experimental error (cf. Inset of Fig. 4) and the

kq =
k3kp

k4 +kp
. (6)

Scheme 1.

[S1] = C1 exp(−t/τ1)+C2 exp(−t/τ2), (7)

τ =
1 + K[Q]

τ0
−1 + Kkp[Q]

, (8)

τ0

τ
=

1+Kkpτ0[Q]
1+K[Q]

. (9)

{τ−1 − τ0
−1}−1 = {K−1(kp − τ0

−1)−1}[Q]−1 + {(kp − τ0
−1)−1}. (10)

Fig. 4. Stern–Volmer plots from SS fluorescence
quenching of 2,2′-biphenyldiol at 349 nm by urea in
methanol solution at different temperatures: (1) 30
◦C, (2) 40 ◦C, (3) 50 ◦C, and (4) 60 ◦C. Inset: The
ln (kq) vs. 1/T plot for 2,2′-biphenyldiol-U system in
methanol.

ln (kq) = ln (A)− ∆Ekq

RT
, (11)

∆Ekq
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 values obtained from the slopes of these plots were 2.1
and 1.8 kcal mol–1, respectively, for the 2,2′-biphenyldiol-U/
MU systems. Typical activation energies for the diffusion-con-
trolled processes in MeOH ( ) are about 4.8 kcal mol–1.33

From the fact that the estimated  values are lower than the
typical values, it was expected that in the systems studied
the proton-transfer process should have occurred with a diffu-
sion-controlled rate. The estimated kq values for the systems
studied (1.1 × 109 and 0.8 × 109 dm3 mol–1 s–1 respectively for
2,2′-biphenyldiol-U/MU systems) are, however, seen to be
about an order of magnitude  lower  than  the  expected  diffu-
sion-controlled  rate (kd ca. 1 × 1010 dm3 mol–1 s–1).28 Apparent-
ly, lower kq values for the 2,2′-biphenyldiol-U/MU systems in
comparison to the typical kd values may be understood by con-
sidering Scheme 1, according to which kq is a function of vari-
ous individual rate constants (cf. Eq. 6), and thus can be lower
than the kd value, though, the EX formation step (k3) may be as
fast as the diffusion-controlled rate. Further, the effective 
values estimated for the systems studied should also be a func-
tion of the activation energies of the individual processes in-
volved in the expression of kq. Thus, expressing Eq. 6 in accor-
dance with the Arrhenius relation, 11, the expression for 
can be obtained as 

where ,  and  are the activation energies
corresponding to the rate constants of k3, kp, and (k4 + kp), re- 
spectively. Since in taking the logarithm of Eq. 6 one can not
separate out the rate constants, 

 

k

 

4

 

 and 

 

k

 

p

 

, in the denominator,
one has to express the effective activation energy for the total
rate constant of (

 

k

 

4

 

+

 

k

 

p

 

) in Eq. 12 with the assumption that
 is a constant, at least for the limited temperature

range used in our experiments. Thus, according to Eq. 12, the
effective activation energy for 

 

k

 

q

 

 could be very low, or even
negative, depending on the relative values of ,  and

.

 

28–30

 

 The lower  values observed for the present
systems in comparison with the typical  values, thus, can
not guarantee that the activation energy for the proton-transfer
process is lower than that for a typical diffusion-controlled re-
action. In fact, due to the involvement of the exciplexes as the
intermediates, the effective proton-transfer rate in the systems
studied is expected to be lower than the diffusion-controlled
rate, as experimentally observed for the 2,2

 

′

 

-biphenyldiol-U/
MU systems. Due to the same reason, the observed  val-
ues can also be lower than the activation energies of typical dif-
fusion-controlled processes. Thus, the apparently lower 
values compared to the typical  values support the exci-
plex mechanism proposed in Scheme 1.

 

2.2. Interactions of the S

 

1

 

 state of 4,4

 

′

 

-Biphenyldiol.

 

The fluorescence spectra of 4,4

 

′

 

-biphenyldiol in MeOH solu-
tions show an emission peak at 354 nm due to fluorescence
from the neutral form of the diol.

 

23

 

 The addition of U or MU to
these solutions does not cause any change in either the fluores-
cence spectrum or the intensity, indicating no interaction be-
tween the S

 

1

 

 state of the diol {4,4

 

′

 

-Bp(OH)

 

2

 

*} and U/MU mol-
ecules. It is known that,

 

23

 

 due to the absence of intramolecular

hydrogen bonding, the 4,4

 

′

 

-biphenyldiol is a much weaker ac-
id, even in its S

 

1

 

 state (p

 

K

 

a

 

* = 3.27), in comparison to that of its
2,2

 

′

 

-analogue (p

 

K

 

a

 

* = 0.37), wherein intramolecular hydrogen
bonding exists (cf. structures 

 

I

 

 and 

 

II

 

). Due to the strong acidic
nature of 2,2

 

′

 

-Bp(OH)

 

2

 

*, the S

 

1

 

 state of the diol can interact
with U and MU, though in its ground state the diol does not
have any interaction with these weak proton acceptors. Since
the S

 

1

 

 state of 4,4

 

′

 

-biphenyldiol is a much weaker acid, it can
not undergo any proton-transfer reaction in both its ground and
S

 

1

 

 states with weak proton acceptors, like U and MU. From the
present results, it is thus evident that the presence and absence
of intramolecular hydrogen bonding largely alters the proton-
transfer interactions of the two biphenyldiols with proton ac-
ceptors, like U and MU.

 

3. Comparison of the S

 

1

 

 State Interactions of 2,2

 

′

 

- and
4,4

 

′

 

-Biphenyldiols with Weak and Strong Proton Accep-
tors.    3.1.  2,2

 

′

 

-Biphenyldiol.    

 

As already discussed in sec-
tion 1, the ground state of 2,2

 

′

 

-biphenyldiol undergoes an effi-
cient proton-transfer interaction with a strong proton acceptor,
like TEA. In our earlier studies in acetonitrile solutions,

 

23

 

 it
was observed that not only the ground state, but also the S

 

1

 

state, of 2,2

 

′

 

-biphenyldiol undergoes a strong proton-transfer
interaction with TEA. Similar results have also been obtained
in the present study in MeOH solutions using TEA as the pro-
ton acceptor. Thus, upon increasing the TEA concentration, the
fluorescence intensity at 349 nm for 2,2

 
′

 
-Bp(OH)

 

2

 
* gradually

reduces along with a concomitant increase in the fluorescence
intensity at 398 nm for 2,2

 
′

 
-Bp(OH)O

 

–

 
*. The 

 
k

 

q

 
 value for the

2,2

 

′

 

-biphenyldiol-TEA system, however, could not be estimat-
ed accurately from the SS fluorescence quenching results due
to the interplay of both ground- and excited-state proton-trans-
fer reactions in this system. From the extent of reductions in
the fluorescence intensities at 349 nm with TEA concentra-
tions, it is, however, qualitatively indicated that the 

 

k

 

q

 

 value for
the 2,2

 

′

 

-biphenyldiol-TEA system must be in the diffusion-
controlled limit.

Since TEA is a strong proton acceptor (p

 

K

 

b

 

 = 3.25),

 

33

 

 it can
efficiently abstract the phenolic proton from both ground and
excited states of 2,2

 

′

 

-biphenyldiol. Contrary to the results with
TEA, the 2,2

 

′

 

-biphenyldiol can undergo a proton-transfer inter-
action only in its S

 

1

 

 state with weak proton acceptors, like U
and MU (cf. sec. 1 and 2.1). Since 2,2

 

′

 

-biphenyldiol is a much
stronger acid in its S

 

1

 

 state (p

 

K

 

a

 

* = 0.37),

 

23

 

 it can transfer a pro-
ton not only to TEA, but also to weak proton acceptors, U and
MU, though the ground state of the diol (p

 

K

 

a

 

 = 7.5)

 

23

 

 does not
interact with the latter weak proton acceptors. It is evident from
the present results that the proton-transfer interactions of the
ground and S

 

1

 

 states of 2,2

 

′

 

-biphenyldiol with U, MU and TEA
are in accordance with the acidity of the diol in the two respec-
tive electronic states.

The fluorescence decays of 2,2

 

′

 

-biphenyldiol have also been
measured in the presence of different concentrations of TEA in
MeOH solutions. It is seen that, unlike with U and MU, the flu-
orescence decays of the diol are always bi-exponential in the
presence of TEA. Further, in all of these measurements, it is
seen that none of the fluorescence lifetime components (τ1 and
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τ2) show any systematic reduction along with an increase in the
TEA concentration. Since the interaction of TEA with 2,2′-bi-
phenyldiol is very strong, even at a very low concentration of
TEA (ca. 4 × 10–3 mol dm–3), there is also a substantial contri-
bution from the ground state anionic form of the diol {2,2′-
Bp(OH)O–} in the solution (cf. Eq. 1). Under such conditions,
selective excitation of the neutral form of the 2,2′-biphenyldiol
was not possible, and thus the observed fluorescence decays
were complicated due to an interplay of the ground- and excit-
ed-state proton-transfer processes. From our TR measure-
ments, we could thus not estimate the exact proton-transfer rate
for the S1 state of 2,2′-biphenyldiol with TEA. Based on the SS
results, we infer that the interaction of the S1 state of 2,2′-bi-
phenyldiol with TEA is very strong, and that there is no indica-
tion of any exciplex formation for the 2,2′-biphenyldiol-TEA
system.

3.2.  4,4′-Biphenyldiol.    As discussed in section 1, the
ground state of 4,4′-biphenyldiol does not show any apprecia-
ble interaction with TEA. Since the ground-state acidity con-
stant of 4,4′-biphenyldiol is quite high (pKa = 9.4),23 these re-
sults are quite expected. In our earlier studies we have seen that
the S1 state of 4,4′-biphenyldiol is a much stronger acid (pKa* =
3.24)23 than its ground state. It was thus expected that the S1

state of 4,4′-biphenyldiol might interact with a strong proton
acceptor, TEA, though the diol does not interact with weak
proton acceptors, like U and MU, even in its excited state. Ex-
perimentally, it is seen that the fluorescence intensity of the
neutral form of 4,4′-biphenyldiol at 354 nm23 gradually reduc-
es and, concomitantly, the emission peak for the anionic form
of the diol develops at 429 nm23 as the TEA concentration is in-
creased in the solution. Typical SS fluorescence results for the
4,4′-biphenyldiol-TEA system in MeOH are shown in Fig. 5. It
can be seen that the reduction in the fluorescence intensity at
354 nm with TEA concentration follows a linear SV relation-
ship (Eq. 2), as shown in the inset of Fig. 5. The bimolecular
quenching constant thus determined for the 4,4′-biphenyl-
diol–TEA system in MeOH is about 6.0 × 109 dm3 mol–1 s–1,
only marginally lower than the diffusion-controlled rate (ca. 1
× 1010 dm3 mol–1 s–1).28

Time-resolved fluorescence measurements have also been
carried out at 354 nm to estimate the effect of added TEA con-
centration on the fluorescence lifetime (τ) of 4,4′-biphenyldiol
in a MeOH solution. It is seen that the τ of 4,4′-biphenyldiol
gradually decreases as the TEA concentration is increased. The
reduction in the τ values with the TEA concentration is also
seen to follow a linear SV relation (Eq. 3), giving a kq value of
about 6.3 × 109 dm3 mol–1 s–1. Thus, it is seen that for the 4,4′-
biphenyldiol-TEA system in MeOH, the kq values estimated
from the SS and TR measurements match well within the ex-
perimental error. These results thus indicate that the proton-
transfer in the 4,4′-biphenyldiol-TEA system must be a single-
step process, and that there is no exciplex formation in the
present system. 

Comparing the interactions of 2,2′- and 4,4′-biphenyldiols
with different proton acceptors, both weak and strong, it is evi-
dent that the 2,2′-biphenyldiol interacts much more strongly

than 4,4′-biphenyldiol. As already discussed, due to the ab-
sence of intramolecular hydrogen bonding, the 4,4′-biphenyl-
diol is a much weaker acid in both its ground and excited states
compared to its 2,2′-analogue. It is thus evident from the
present results that the presence and absence of intramolecular
hydrogen bonding in 2,2′- and 4,4′-biphenyldiols cause a large
difference in the proton-transfer interactions of the two diols
with different proton acceptors. Form our results it is further
indicated that when the interactions are weak (e.g., 2,2′-
Bp(OH)2* – U/MU systems; kq << kd), the systems undergo
proton-transfer interactions via the formation of the intermo-
lecular hydrogen bonded exciplex intermediate. For systems
where the interactions are reasonably strong (e.g., 2,2′-
Bp(OH)2* – TEA and 4,4′-Bp(OH)2*

 – TEA systems; kq~kd),
the proton-transfer interaction takes place in a single step with-
out the formation of intermediate exciplexes. 

Conclusions

Ground and excited (S1) states of 2,2′- and 4,4′-biphenyl-
diols interact differently with proton acceptors, like U, MU,
and TEA. Though the S1 state of 2,2′-biphenyldiol transfers
protons to all of the proton acceptors used, its ground state in-
teracts only with a strong proton acceptor, like TEA. Contrary
to 2,2′-biphenyldiol, the ground state of 4,4′-biphenyldiol is
seen not to interact with any of the proton acceptors used. The
S1 state of 4,4′-biphenyldiol, however, is seen to undergo an ef-
ficient proton-transfer reaction with a strong proton acceptor,
TEA; however, with weak proton acceptors, like U and MU,
there is no interaction, even in the S1 state of the diol. From the
present results it is seen that when the interaction is weak (e.g.,
2,2′-Bp(OH)2* – U/MU systems), proton-transfer takes place
via the formation of intermolecular hydrogen-bonded exci-
plexes as the intermediates. For strongly interacting systems,

Fig. 5. Changes in fluorescence spectra of 4,4′-
biphenyldiol in methanol with added triethylamine
(TEA) concentrations: (1) 0.0, (2) 0.065, (3) 0.19, (4)
0.50, and (5) 0.72 mol dm−3. Inset: Stern–Volmer
plot for the fluorescence intensity quenching of 4,4′-
biphenyldiol by TEA in methanol solution.
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e.g., 2,2′-Bp(OH)2*
 – TEA and 4,4′-Bp(OH)2* – TEA, proton-

transfer takes place in a single step without forming exciplexes
as intermediates. It is seen from the present results that 2,2′-bi-
phenyldiol interacts much more strongly with different proton
acceptors than its 4,4′-analogue. The results are interpreted in
relation to the presence and absence of intramolecular hydro-
gen bonding in the two respective molecules.
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