
Simple and Efficient Ratiometric Fluorescent Probes for Near-neutral pH
in Aqueous Solutions

Yu Xiang and Ai-Jun Tong�

Department of Chemistry, Tsinghua University, Beijing 100084, P. R. China

(Received March 11, 2005; CL-050332)

Two ratiometric fluorescent pH probes of 2,6-diamino-
pyridine (DAPD) and 2-amino-5,7-dimethyl-1,8-naphthyridine
(ADMND), though simple-structured, show good sensitivity to
near-neutral pH range (6.0–8.0) in aqueous solutions. Further
studies indicate that the 2-amino groups on pyridine or naph-
thyridine ring play an important role in the pH-dependent fluo-
rescence spectral properties of these dyes.

Fluorescent pH probes in aqueous solutions have now at-
tracted much attention since their potential applications in fluo-
rescence pH microscopy, ratio imaging, as well as intracellular
pH measurements.1,2 However, protons still have not been stud-
ied as much as other ions (e.g. Ca2þ) by fluorescence microsco-
py,3 a possible explanation for this is the absence of entirely sat-
isfactory fluorescent indicators to measure pH in the relevant
range (4.5–7.4).4 Therefore, many works has been concerned
about the exploration of new fluorescent pH indicators,5 espe-
cially those applied to measure pH by means of a ratiometric
method.6–8 The greatest advantage of these ratiometric probes
is their insensitivity to probe concentration or background fluo-
rescence, thus the photobleaching or diffusion of the probes will
not affect the measurements. Despite of their advantages, many
ratiometric probes reported are rather complicated to synthe-
size.3,6–8 Herein we report two simple ratiometric fluorescent
probes of 1 and 3, which are sensitive to near-neutral pH range
(6.0–8.0) with acceptable quantum yields compared to reported
probes (Figure 1).3,8

In fact, 2,6-diaminopyridine (1) is commonly used as an
original material in chemical synthesis9 and commercially avail-
able. Owing to its simplicity, the fluorescence properties of 1 are
usually neglected by researchers. However, with careful experi-
ment, we found that 1 could indeed serve as an efficient ratiomet-
ric fluorescent pH probe in aqueous solutions. In phosphate buf-
fers of pH 4.0–10.0, 1 exhibited an absorption isosbestic point at
310 nm. When excited at this isosbestic point, it gave fluores-

cence in both the acidic and basic states with an isoemission
point at 371 nm and exhibited shifted absorption and emission
spectra (Figure 2), which was the most important requirement
for a ratiometric probe. The bathochromic shift observed in both
absorption and emission spectra upon decreasing the pH value
was due to the increase in the electron-withdrawing power of
the pyridine ring upon protonation of the pyridyl nitrogen atom.8

The evolution of the fluorescence emission of an aqueous solu-
tion of 1 as a function of pH is shown in Figure 2. The acid–base
reaction of 1 yields pKa ð1HþÞ ¼ 7:0� 0:1 at 298K.10 With this
neutral pKa value, the ratio of fluorescence emission at 390 and
360 nm of 1 shows good sensitivity to pH 6.0–8.0 range. The
plots in the response range (6.0–8.0) are approximately linear
with abrupt slope, which is ideal for accurate measurements.
Furthermore, the three curves in Figure 2 nearly overlap, with
a deviation less than 5%, indicating that the ratio of fluorescence
emissions (F390=F360) of 1 is insensitive to probe concentration
even from 2:0� 10�7 to 2:0� 10�5 mol�L�1.

The chemical modifications of 1 were also carried out to get
a better understanding of the fluorescence spectral properties of
this simple compound, thus 2–5 were synthesized. Direct acyla-

Figure 1. Molecular structures of 1–5.

Figure 2. (a) Dependence of the emission spectra of a solution
of 2:0� 10�5 mol�L�1 1 (in phosphate buffer, 298K) on pH:
from acidic to basic conditions: pH 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10.0. (b) Evolution of the ratio of the fluorescence emissions
at 390 and 360 nm of 1: (A) 2:0� 10�5 mol�L�1 1; (B) 2:0�
10�6 mol�L�1 1; (C) 2:0� 10�7 mol�L�1 1.
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tion of the two amino groups (2)9 would make the compound
nearly nonfluorescent due to the strong electron-withdrawing
power of the acyl groups. To avoid this vanishing of fluores-
cence, compound 39 was introduced. The more delocalized
naphthyridine ring in 3 made it more fluorescent (with a much
higher quantum yield) than 1. Figure 3 illustrates the evolution
of the fluorescence emission of an aqueous solution of 3 as a
function of pH. The fluorescence spectral properties of 3 were
somewhat similar to those of 1. However, when the amino group
of 3 was modified to whether a hydroxyl group (4) or acrylamido
group (5), the fluorescence of basic state of 4 and 5 became much
weaker (Table 1) and no isoemission point could be observed,
suggesting that 4 and 5 could not be used as ratiometric probes.
Therefore, the 2-amino group on pyridine or naphthyridine ring
plays an important role in the fluorescence spectral properties of
these probes, making them applicable for ratiometric fluorescent
pH measurements. An explanation for this phenomenon is that
the lone electron pair of 2-amino group conjugates with the

delocalized heteroaromatic ring and makes the probe more fluo-
rescent in basic aqueous solutions.

In conclusion, two ratiometric fluorescent probes of 1 and 3
for near-neutral pH (6.0–8.0) in aqueous solutions have been
reported in this paper. Their ratios of fluorescence emissions
are found insensitive to probe concentration over a broad range.
However, it has to be noted that, in accurate pH measurements of
biological or clinical samples, the emission of some impurities at
low wavelengths (360–380 nm) may give a considerable inter-
ference to these probes. For this reason, the exploration of new
ratiometric fluorescent pH probes with longer emission wave-
length based on 1 and 3 are now under our active investigation.
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Figure 3. (a) Dependence of the emission spectra of a solution
of 2:0� 10�5 mol�L�1 3 (in phosphate buffer, 298K) on pH:
from acidic to basic conditions: pH 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10.0. (b) Evolution of the ratio of the fluorescence emissions
at 401 and 380 nm of 3 in aqueous solutions. (A) 2:0�
10�5 mol�L�1 3; (B) 2:0� 10�6 mol�L�1 3; (C) 2:0� 10�7

mol�L�1 3.

Table 1. Spectral properties of 1 and 3–5 at 298K.

Compound
�ab,max

a

/nm
�ab,max

b

/nm
"max

a/103

cm�L�mol�1

"max
b/103

cm�L�mol�1

�em,max
a

/nm
� em,max

b

/nm
�a,c �b,c pKa

d

1 331 304 8.0 4.4 390 360 0.28 0.24 7.0 � 0.1
3 347 335 9.2 7.0 401 380 0.65 0.26 7.2 � 0.1
4 326 324 24 20 397 363 0.30 0.06
5 346 334 13 10 378 388 0.13 0.02

aMeasurements were carried out in acidic phosphate buffers (pH ¼ 4:0). bMeasurements were carried out in basic phosphate buffers
(pH ¼ 4:0). cFluorescence quantum yields were calculated at emission peaks using fluorescein as a standard (0.01mol�L�1 NaOH,
� ¼ 0:95).11 dpKa values were calculated following equation: log½ðFmax � FÞ=ðF � FminÞ� ¼ pH� pKa

0.
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