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A B S T R A C T

Rhodamine is one class of most popular dyes used in fluorescence imaging due to the outstanding
photoproperties including high brightness and photostability. In recent years, replacement the xanthene
oxygen with other elements, especially silicon, has attracted great attentions in the development of new
rhodamine derivatives. This review summarized the structures and photophysical properties of
heteroatom-substituted rhodamines. We hope this review can help to understand the structure-property
relationships of rhodamine dyes and then elucidate the way to create derivatives with improved
photoproperties.
© 2018 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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1. Introduction

Fluorescence microscopy is an essential tool for visualizing
biological processes in living cells [1–6]. The key point of this
strategy is to select a proper fluorophore [7–10]. Compared with
fluorescent proteins and quantum dots, organic dyes are attracting
much more attention in recent 20 years, ascribed to their
advantages of mall size, easy of chemical modification, good
brightness and photostability, and emissions spanning the entire
color spectrum [11]. Particularly, the single-molecule imaging and
super-resolution imaging have been driving the development of
new fluorophores with super brightness and photostability [12].

Rhodamines, a fluorophore with a history over a century, are the
most popular dyes used in fluorescence imaging due to their
stability, brightness and water solubility [13]. A typical structure of
rhodamine is showed in Fig. 1. Although pyronine and rhodamine
share the same chromophore xanthene (Fig. 1a, for example,
Pyronin Y vs. tetramethylrhodamine (TMR)), rhodamine has higher
brightness and stability, and is more suitable for biological
application than pyronin. The carbon atom at 9-position of
xanthene moiety was stabilized by the phenyl ring in rhodamine,
where the one in pyronin Y was much more reactive to limit the
applications of pyronine. Another feature of rhodamine is the
equilibrium between the ring-opened fluorescent zwitterionic
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form and the ring-closed non-fluorescent lactone form (Fig. 1b).
This equilibrium has been widely used to design fluorogenic
chemosensors [14]. To avoid the formation of non-fluorescent
lactone form, the common strategy is to introduce methyl or
methoxyl groups at C-3' and C-7' in rhodamines [15,16]. However,
the absorption and emission of rhodamines within the range of
500–600 nm limit their applications in multicolour imaging and in
vivo imaging [17]. These scenarios necessitate the development of
near-infrared (NIR) rhodamine fluorophores.

It is required and challenging to extend the absorption and
emission wavelength of rhodamines, especially to far-red and near-
infrared (NIR) region. The general strategies to elicit the absorption
and emission to NIR region include the p-conjugation extension and
limited-flexibility of chromophore. The drawbacks of these
methods are the associated decrease in brightness and water-
solubility [18–20]. Another way to shift emission into NIR region is
to replace the xanthene oxygen in rhodamine by heteroatoms. This
strategy has been demonstrated over half century and represented
by C, N, S, Se and Te-rhodamine. Due to the limited improvement in
fluorescent properties and complicated synthetic routes, these
rhodamines did not get much attention, until the appearance of Si-
Pyronin in 2008, pioneered by Qian and Xiao et al. [21]. Replacement
of the oxygen in the skeleton of rhodamine with silicon produces a
significant red-shift to NIR region while maintaining the brightness.
According to the advantage of Si-rhodamine in bioimaging, Nagano
et al. developed a series of Si-rhodamines from far-red to NIR
[22,23]. Further studies revealed the fluorogenic behavior and
extremely photostability of Si-rhodamine-carboxyl, which made it
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) A typical structure of pyronin and rhodamine. (b) Equilibrium of TMR
between zwitterionic form and lactone form. (c) Elements used in rhodamine 10-
position replacement was shown in red.
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ideal fluorophore for live-cell super-resolution microscopy [24,25].
The big success of Si-rhodamine has allowed a triumphant return of
oxygen replacement in rhodamine modification, like borinate,
phosphinate and sulfone. Here, we review various heteroatoms
replaced rhodamines (Fig. 1c) and focus on their photophysical
properties in order to facilitate the modification and application of
new rhodamine dyes.

2. Boron group

The boron group is the chemical elements in group 13 of the
periodic table, comprising boron (B), aluminium (Al), gallium (Ga),
indium (In), thallium (Tl), and perhaps also the chemically
uncharacterized nihonium (Nh). At the present time, only the
element of boron was reported to replace rhodamine oxygen. The
first B-pyronine JS-R was reported by Egawa et al. in 2016 (Fig. 2
and Table 1, compound 4) [26]. Incorporating a borinate moiety
into a xanthene skeleton produced a significant (>60 nm)
Fig. 2. Structures of B-rhodamines.
bathochromic shift compared to its parent dye pyronin Y. The
molar absorption coefficient and quantum yield of JS-R were
measured to be 1.3 � 105 L mol�1 cm�1 and 0.59, respectively. Next,
Stains et al. synthesized the corresponding B-rhodamine RF620
(Fig. 2 and Table 1, compound 5) by insertion of 2-methyl phenyl
group at the 9-position of JS-R [27]. Substitution by aromatic
residues caused a slight red shift (<10 nm) in absorption and
emission. Besides, molar absorption coefficient and quantum yield
of RF620 were decreased to 1.09 � 105 L mol�1 cm�1 and 0.36,
respectively. Similar variation between pyronin Y and TMR were
observed, that TMR displayed a deceased absorption and quantum
yield compared with pronin Y.

3. Carbon group

The carbon group, Group 14 in the p-block, contains carbon (C),
silicon (Si), germanium (Ge), tin (Sn), lead (Pb) and flerovium (Fl).
Except Pb and Fl, all these elements have been successfully applied
in rhodamine oxygen replacement. Compared with traditional O-
rhodamine, the obtained carbon-group-rhodamine fluorophores
displayed significant red-shifts in fluorescence spectra. The
bathochromic shift of group 14 rhodamines may be due to their
lower LUMO levels. Except C-rhodamine, the existed s*-p*

conjugation in Si-, Ge- and Sn-rhodamine and the LUMO of
p-system were stabilized. Besides, the conjugation became less
efficient as the atomic number increase. As a consequence, the
extent of red shift was C < Sn < Ge < Sn [28].

3.1. Carbon-rhodamine (C-rhodamine)

Replacement of rhodamine oxygen with a quaternary carbon
elicits a 50-nm bathochromic shift. These C-rhodamines were
firstly synthesized by Aaron et al. in 1963 [29]. In the following half
century, few attentions had been paid to the research of C-
rhodamine, maybe due to the complex synthesis and low yield.
Because of the high brightness and phtotostability, C-rhodamines
have been successfully applied in super-resolution fluorescent
imaging, which brought C-rhodamine back to the attention of dye
scientists.

Lavis et al. reported a series of C-rhodamines by alternating the
substituents on the N atoms (Fig. 3 and Table 1, compounds 6–9, 17
and 18) [30–32]. The twist of Caryl��N bond in rhodamine greatly
influenced the brightness of the fluorophore. Replacing the N, N-
dimethyl group in compound 7 with differently sized rings could
mitigate twisted internal charge transfer (TICT) and regulate the
brightness of the fluorophore. In particularly, the azetidinyl C-
rhodamine (compound 8) had higher quantum yield (F = 0.67)
compared to compound 7 (F = 0.52), while maintained the similar
extinction coefficient (e = 1.21 �105 L mol�1 cm�1).

By introducing fluorine, Hell et al. obtained a series of C-
rhodamines with maximum absorption in the range of
560–630 nm (Fig. 3 and Table 1, compounds 11–16) [33,34].
Though the fluorination of the carbonrhodamine in tricyclic cores
led to red-shifts of the absorption and emission compared to
unmodified C-rhodamine, the extinction coefficients and quantum
yields were reduced significantly. Taking compound 14 as an
example, the extinction coefficients and quantum yields were only
6700 L mol�1 cm�1 and 0.06, whereas the unmodified compound
12 were 100,000 L mol�1 cm�1 and 0.59, respectively. These results
were totally different to O-rhodamine. Typically, the fluorination of
rhodamine could lead to slight improvement in brightness [35].
However, introducing fluorine contained alkyl group into the N
atoms of C-rhodamines (compounds 15 and 16) resulted in
bathochromic shift while maintained the brightness compared



Table 1
Photophysical properties of rhodamine derivatives.

Compd. X R1 R2 R3 labs (nm) lem (nm) e (105 L mol�1 cm�1) F Solvent Ref.

1 547 562 – 0.40 PBS (pH 7.4) [28]

2 548 572 0.78 0.41 HEPES (pH 7.3) [31]

3 550 570 0.745 0.31 HEPES (pH 7.4) [27]

4 611 631 1.3 0.59 HEPES (pH 7.4) [26]

5 620 636 1.09 0.36 HEPES (pH 7.4) [27]

6 552 577 0.65 0.64 HEPES (pH 7.3) [30]

7 606 626 1.21 0.52 HEPES (pH 7.3) [31]

8 608 631 0.99 0.67 HEPES (pH 7.3) [31]

9 613 633 0.87 0.54 HEPES (pH 7.3) [30]

10 680
(476a)

708
(710)

0.398
(0.166)

0.017
(0.016)

PBS [36]

11 582 607 0.9 0.69 PBS (pH 7.4) [33]

12 609 634 1 0.59 PBS (pH 7.4) [33]

13 617 647 0.73 0.17 PBS (pH 7.4) [33]

14 628 660 0.067 0.06 PBS (pH 7.4) [33]
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Table 1 (Continued)

Compd. X R1 R2 R3 labs (nm) lem (nm) e (105 L mol�1 cm�1) F Solvent Ref.

15 561 588 0.61 0.76 PBS (pH 7.4) [34]

16 571 600 0.79 0.71 PBS (pH 7.4) [34]

17 618 639 – – HEPES (pH 7.3) [40]

18 585 609 0.015
(1.56b)

0.78 HEPES (pH 7.3) [32]

19 634 653 0.642 0.18 Water [21]

20 646 660 1.1 0.31 PBS (pH 7.4) [37]

21 674 689 1.3 0.35 PBS (pH 7.4) [37]

22 691 712 1 0.12 PBS (pH 7.4) [37]

23 721 740 1.6 0.05 PBS (pH 7.4) [37]

24 731 – – 0.08 MeOH [38]

25 650 666 0.5 0.19 HEPES (pH 7.4) [39]

26 643 662 1.41c 0.41 HEPES (pH 7.3) [31]

27 646 664 1.52c 0.54 HEPES (pH 7.3) [31]

28 641 662 0.51 0.42 PBS (pH 7.4) [34]

1670 F. Deng, Z. Xu / Chinese Chemical Letters 30 (2019) 1667–1681



Table 1 (Continued)

Compd. X R1 R2 R3 labs (nm) lem (nm) e (105 L mol�1 cm�1) F Solvent Ref.

29 657 674 0.02
(1.85b)

n.d.d HEPES (pH 7.3) [40]

30 660 n.d. – <0.001 MeOH [38]

31 779 n.d. – <0.001 MeOH [38]

32 670 696 0.0015 0.03 PBS (pH 7.4) [33]

33 635 652 0.004
(1.67b)

0.56 HEPES (pH 7.3) [32]

34e - - –

(1.01b)
– HEPES (pH 7.3) [40]

35 669 682 1.12
(1.16b)

0.37 HEPES (pH 7.3) [40]

36 695 707 0.02
(1.49b)

n.d.d HEPES (pH 7.3) [40]

37 668 681 1.19
(1.45b)

0.38 HEPES (pH 7.3) [40]

38 667 681 1.3
(1.47b)

0.38 HEPES (pH 7.3) [40]

39 674 685 0.0987
(0.845b)

0.14 HEPES (pH 7.3) [40]

40 667 682 1.32
(1.39b)

0.31 HEPES (pH 7.3) [40]

41 683 698 0.155
(2.15b)

0.1 HEPES (pH 7.3) [40]
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Table 1 (Continued)

Compd. X R1 R2 R3 labs (nm) lem (nm) e (105 L mol�1 cm�1) F Solvent Ref.

42 662 680 1.18 0.66 water [54]

43 712
(492a)

736
(735)

0.562
(0.282)

0.004
(0.04)

PBS [36]

44 387 597 0.174 0.56 MeOH [41]

45 444 617 0.148 0.36 MeOH [41]

46 650 672 0.42 0.36 PBS (pH 7.4) [33]

47 649 660 <0.005
(0.072b)

n.d.d HEPES (pH 7.3) [40]

48 650 667 1.13
(1.49b)

0.4 HEPES (pH 7.3) [40]

49 654 670 1.24
(1.39b)

0.51 HEPES (pH 7.3) [40]

50 652 668 0.212
(1.26b)

0.25 HEPES (pH 7.3) [40]

51 648 662 1.16 0.2 HEPES (pH 7.3) [40]

52 649 663 1.18 0.47 HEPES (pH 7.3) [40]

53 651 664 0.896 0.51 HEPES (pH 7.3) [40]

54 649 664 1.1 0.49 HEPES (pH 7.3) [40]

55 651 666 1.36 0.48 HEPES (pH 7.3) [40]

56 656 670 1.33 0.48 HEPES (pH 7.3) [40]
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Table 1 (Continued)

Compd. X R1 R2 R3 labs (nm) lem (nm) e (105 L mol�1 cm�1) F Solvent Ref.

57 636 649 0.971 0.62 HEPES (pH 7.3) [40]

58 641 657 1.2 0.26 HEPES (pH 7.3) [40]

59 632 652 – 0.21 PBS (pH 7.4) [43]

60 649 665 – 0.23 PBS (pH 7.4) [43]

61 637 651 – 0.2 PBS (pH 7.4) [43]

62 663 681 1.05 0.43 PBS (pH 7.4) [27]

63 621 634 - 0.4 PBS (pH 7.4) [28]

64 635 649 – 0.34 PBS (pH 7.4) [28]

65 634 655 0.97 0.43 PBS (pH 7.4) [34]

66 631 651 0.61 0.6 PBS (pH 7.4) [34]

67 – – – – PBS (pH 7.4) [28]

68 614 628 – 0.43 PBS (pH 7.4) [28]

69 493 528 0.5 0.21 HEPES (pH 7.3) [31]

70 492 531 0.47 0.52 HEPES (pH 7.3) [31]
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Table 1 (Continued)

Compd. X R1 R2 R3 labs (nm) lem (nm) e (105 L mol�1 cm�1) F Solvent Ref.

71 694 712 0.65 0.06 PBS (pH 7.4) [44]

72 694 712 0.92 0.11 PBS (pH 7.4) [44]

73 696 713 0.68 0.15 PBS (pH 7.4) [44]

74 666 685 1.65 0.38 PBS (pH 7.4) [45]

75 698 712 0.259 0.32 PBS (pH 7.4) [45]

76 700 722 0.71 0.11 PBS (pH 7.4) [45]

77 744 764 0.8 0.16 PBS (pH 7.4) [45]

78 571 599 0.626 0.44 MeOH [50]

79 594 621 1.24 0.42 MeOH [50]

80 579 606 1.04 0.53 MeOH [50]

81 587 614 1.2 0.47 MeOH [50]

82 641 715 0.65 0.47 MeOH [46]

83 575
(689)a

775 0.25
(0.49)

0.18 MeOH [46]
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Table 1 (Continued)

Compd. X R1 R2 R3 labs (nm) lem (nm) e (105 L mol�1 cm�1) F Solvent Ref.

84 703 736 0.39 0.07 PBS (pH 7.4) [51]

85 703 742 0.95 0.07 PBS (pH 7.4) [51]

86 707 747 0.69 0.05 PBS (pH 7.4) [51]

87 704 742 0.97 0.1 PBS (pH 7.4) [51]

88 710 752 1.29 0.07 PBS (pH 7.4) [51]

89f – – – – PBS (pH 7.4) [51]

90 581 608 0.44 0.01 MeOH [50]

91 604 631 1.35 0.06 MeOH [50]

92 590 617 1.36 0.03 MeOH [50]

93 597 624 1.22 0.02 MeOH [50]

94 658 717 0.69 0.01 MeOH [46]

95 610
(700)

781 0.27
(0.53)

0.01 MeOH [46]

96 600 n.d. 1 <0.001 PBS (pH 7.4) [52]
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Table 1 (Continued)

Compd. X R1 R2 R3 labs (nm) lem (nm) e (105 L mol�1 cm�1) F Solvent Ref.

97 597 n.d. 0.81 <0.005 MeOH [50]

98 617 642 1.44 0.002 MeOH [50]

99 607 632 1.21 0.002 MeOH [50]

100 610 637 1.27 0.003 MeOH [50]

101 670 n.d. 0.66 <0.003 MeOH [46]

102 633
(675)a

n.d. 0.5
(0.27)

<0.003 MeOH [46]

103 617 n.d. 1.65 <0.005 MeOH [50]

104 606 n.d. 0.966 <0.005 MeOH [50]

105 669 686 1.2 0.18 PBS (pH 7.4) [52]

106 704 740 1.35 0.16 MeOH [50]

107 692 720 1.65 0.16 MeOH [50]

a The dye possessed two characteristic absorption bands and excited respectively.
b Due to the equilibrium between zwitterionic and lactone form, the maximum extinction coefficients also measured in EtOH with 0.1% trifluoroacetic acid or 2,2,2-

trifluoroethanol with 0.1% trifluoroacetic acid.
c Extinction coefficient measured in ethanol containing 0.1% (v/v) trifluoroacetic acid.
d Could not determine quantum yield in water due to modest aqueous solubility and dominance of the closed form in water.
e The equilibrium between zwitterionic and lactone form strongly shifted to the lactone form in water, making it essentially nonfluorescent.
f The dye exists in its nonconjugated spirolacton form.
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to unmodified C-rhodamine, which was in accord with O-rhod-
amines.

In 2014, Klan et al. reported a NIR C-rhodamine (Fig. 3 and
Table 1, compound 10) by replacing the aromatic substituents at
the position C9 with phenylethynyl group [36]. This compound
possessed two characteristic absorptions at 472 and 677 nm. Both
of the absorption excited the maximum emission at 705 nm. The
quantum yields were about 0.15 in methanol.

3.2. Silicon-rhodamines (Si-rhodamine)

In 2008, Xiao et al. replaced the oxygen in the pyronine Y
with a silicon atom to obtain TMDHS (Fig. 4 and Table 1, compound
19) [21]. The absorption and emission of TMDHS were at 641 and
659 nm, nearly 90 nm bathochromic shift compared to pyronine Y.
To improve the stability, Nagano et al. inserted 2-methyl
phenyl group at the 9th position of TMDHS and created Si-
rhodamine [28]. This compound exhibited lmax/lem= 646 nm/
660 nm, e = 1.1 �105 L mol-1 cm�1 and F = 0.31 in PBS buffer.
These data illustrated Si-rhodamine was as bright as the O-
rhodamines. In order to fulfill the requirement of in vivo imaging,
Nagano group further developed a series of NIR-excitable Si-
rhodamine (Fig. 4 and Table 1, compounds 21–24) by the
expansion of the xanthene ring. These compounds show the
emissions over 700 nm [37,38]. Especially, compound 22 showed
excellent tolerance to photobleaching and high quantum efficien-
cy (F = 0.12) [25].

Like the modification in C-rhodamines, Lavis et al. also replaced
dialkylamino substituents with differently sized rings to mitigate
TICT and regulate the brightness in Si-rhodamine (Fig. 4 and
Table 1, compounds 25–29) [31,34,39,40]. The azetidinyl Si-
rhodamine (compound 27) had similar absorption and emission
(lmax/lem = 646 nm/664 nm) and higher quantum yield (F = 0.31)
compared to N,N-dimethyl Si-rhodamine (compound 26). Also,
depending on the free rotation of the bond between the N atom
and the Si-substituted xanthene moiety, Urano et al. designed a
series of near-infrared fluorescence quenchers (Fig. 4 and Table 1,
compounds 30 and 31) [38]. These compounds showed absorption
in NIR region (660 nm and 779 nm) and the quantum yields were
almost zero.

In O-rhodamine modification, introducing halogen, especially
fluorine, would improve the photostability and brightness of
fluorophore. This strategy was also applied in Si-rhodamine.
Lavis and Hell groups have vigorously developed various
fluorine-containing Si-rhodamines (Fig. 4 and Table 1, com-
pounds 32–42). Similar to C-rhodamine, introducing fluorine into
the tricyclic cores of Si-rhodamine decreased the extinction
coefficients and quantum yields sharply, albeit with nearly 30 nm
red-shift in wavelengths (compounds 32, 34 and 36) [33,40].
However, the fluorination or chlorination in the bottom phenyl
group had a much smaller effect on brightness with 20–30 nm red-
shifts in wavelengths (compounds 35, 37–42). The fluorinated
azetidine (compound 33) exhibited �10 nm blue shift in spectral
properties, a slightly higher quantum yield (F = 0.56) relative to
compound 27, which was similar to O-rhodamines and C-
rhodamines [32].

Replacing the group at the 9-position also induced fluorescence
changes (Fig. 4 and Table 1, compounds 43–58). Compound 43 with
a conjugated phenylethynyl group shifted the absorption and
emission over 700 nm [36]. The 9-imino-10-silaxanthone com-
pounds 44 and 45 exhibit remarkably large Stokes shifts (around
200 nm), which were related to the excitation of an electron from
the HOMO to the LUMO of the chromophores [41]. These
fluorophores with large Stokes shift would be useful in multicolor
nanoscopy [42]. Based on the structure of azetidinyl Si-rhodamine
(compound 27), Lavis et al. also changed the substituents at the 9th
position. (Compounds 46–58 showed similar absorption and
emission spectra (�lmax/lem = 650 nm/665 nm). The extinction
coefficients of these compounds were about 1.2 � 105 L mol�1

cm�1. However, the quantum yields were greatly influenced by the
substitutes. For example, compound 51 had a lower quantum yield
of 0.2, while the quantum yields of compounds 52–56 were over
0.5 [33,40]. The intramolecular rotation of phenyl ring in 51 may
decrease the quantum yield.

Dimethylsilane was routinely used as heteroatom in Si-
rhodamine. Indeed, the different substituents on silicon atoms
also affect the fluorescence properties. For example, compounds
59–61 with different Si-substitutes were developed by Zhang et al.
(Fig. 4 and Table 1). These compounds displayed different
bathochromic shifts and quantum yields [43]. For compound 62,
the substitute was changed from silane to silanediol, and the
excitation and emission were further red-shifted to 663 nm and
681 nm, respectively, with e = 1.05 �105 L mol�1 cm�1 and F = 0.43
in PBS buffer [27].

3.3. Germanium-rhodamines (Ge-rhodamine)

Ge-rhodamines display further about 10 nm hypsochromic shift
compared with Si-rhodamine. And the brightness is similar with
that of Si-rhodamine (Fig. 5 and Table 1, compounds 63–66)
[28,34]. Taking compound 65 as an example, it displayed lmax/
lem = 410 nm/471 nm, e = 9.7 � 104 L mol�1 cm�1 and F = 0.43. Al-
though the attention to Ge-rhodamine is constrained by the
fact that synthetic raw materials are not readily available,
the outstanding brightness and proper excitation wavelength
make Ge-rhodamine a promising fluorophore in bioimaging
(Fig. 5).

3.4. Tin-rhodamines (Sn-rhodamine)

Compared to C-, Si- and Ge-rhodamine, Sn-rhodamines were
rarely reported (Fig. 6 and Table 1, compounds 67–68) [28]. Nagano
group synthesized both Sn-pyronine and Sn-rhodamine and found
they were really chemical-active. Compound 68 showed the
maximum absorption and emission at 614 nm and 628 nm,
respectively.

4. Nitrogen family

4.1. Nitrogen-rhodamines (N-rhodamine)

Replacement of the oxygen by a nitrogen atom on the pyronin
framework produced acridine orange (69), which have been widely
used as a nucleic acid-selective dye over half a century. When
bound to DNA, acridine orange displayed a similar emission with
that of fluorescein. When bound to RNA, its excitation and
emission were shifted to 460 nm and 650 nm, respectively. Lavis
et al. replaced the N,N-dimethylamino substituents in acridine
orange with four-membered azetidine rings. Compound 70
showed an improved quantum yield from 0.21 to 0.52 (Fig. 7
and Table 1, compounds 69–70) [31].

4.2. Phosphorus-rhodamines (P-rhodamine)

Besides nitrogen, phosphorus was also used to replace
rhodamine oxygen. In 2015, Wang et al. reported a series of P-
rhodamines (Fig. 8 and Table 1, compounds 71–73) [44]. Due to the
electron-withdrawing properties of the phosphorus moiety, these
P-rhodamines elicit 140 nm bathochromic shifts relative to
O-rhodamine. These compounds displayed similar absorption
and emission spectra (lmax/lem = 694 nm/711 nm). Due to the
restricted intramolecular rotation, the quantum yields of 71-73,



Fig. 3. Structures of C-rhodamines.
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which have increasing number of methyl substituents in phenyl
group, improved from 0.06 to 0.15. Stains et al. used phosphinate
functional group as the bridge and created P-rhodamines
74–77 (Fig. 8 and Table 1). Compound 74 exhibited excitation
and emission maxima at 666 nm and 685 nm, respectively. The
molar extinction coefficients and quantum yields were 1.65 �105

L mol�1 cm�1 and F = 0.38, respectively. Moreover, its ethyl ester
counterpart compound 75 showed further 35 nm bathochromic
shift, though the brightness decreased. By replacing the dimethy-
laniline in compounds 74 and 75 with julolidine substituent, the
excitation and emissions in compounds 76 and 77 were further
red-shifted to the rang over 700 nm [45].

5. Oxygen family

Due to the similar chemical characteristics in chalcogens, it was
reasonable to replace the bridging oxygen atom with other
chalcogens. The extent of red shift in emissions was correlate
with the atom size (O < S < Se < Te) [46]. This trend was thought to
be related to the resonance effect of the chalcogen atom, which
narrowed the HOMO-LUMO gap [47,48]. Besides, the molar
extinction coefficients and fluorescence quantum yields decreased
with the increasing size of the chalcogen atom, which could be
attributed to a strong heavy-atom effect [49]. Different with
oxygen, the common oxidation states in S, Se, and Te could be �2,
+4 and +6. The corresponding oxide can also be applied in replacing
the bridging oxygen atom.
5.1. Sulfur-rhodamines (S-rhodamine)

Most of S-rhodamines were firstly reported by Detty group
(Fig. 9 and Table 1, compounds 78–83). Compared to O-rhodamine,
S-rhodamines displayed about 20 nm red-shift in absorption and
emission spectra. However, the brightness was less than half that
of O-rhodamine. Taking compound 78 as an example, it exhibited
lmax/lem = 571 nm/599 nm, e = 6.26 � 104 L mol�1 cm�1 and
F = 0.44 in methanol. These photophysical properties limited
the wide applications of S-rhodamine in biological imaging
[46,49,50].

Guo et al. reported a series of sulfone-rhodamines in 2016 (Fig. 9
and Table 1, compounds 84–89) [51]. The sulfone group serves as
the bridge to rigidify their structures and a strong electron with-
drawing group. The absorption and emission of sulfone-rhod-
amines reached 700 nm and 730 nm, respectively. Different
substituents in phenyl group influenced the stability and
brightness due to the steric effects, which have been referred in
P-rhodamines.

5.2. Selenium-rhodamines (Se-rhodamine)

When the oxygen bridge was replaced by Selentium, the
bathochromic shift in emission was further increased by 30 nm
associated with sharply decreased brightness (Fig. 10 and Table 1,
compounds 90–95) [46,50]. For example, compound 90 showed
lmax/lem = 581 nm/608 nm and e = 4.4 �104 L mol�1 cm�1, but a
relatively low F = 0.01 in methanol. Unlike other dyes, Se-
rhodamine had a high yield for singlet oxygen generation, which
could be applied as an efficient photosensitizer [49].

5.3. Tellurium-rhodamines (Te-rhodamine)

Te-rhodamines were reported with very weak fluorescence
(F < 0.001) due to the heavy-atom effect (Fig. 11 and Table 1,
compounds 96–104) [50,52,53]. For Te-rhodamines, Te atom could
be easily oxidized by reactive oxygen species (Fig. 11 and Table 1,
compounds 105–107). The corresponding telluroxide rhodamines
exhibited a large red shift compared to Te-rhodamine and showed
strong fluorescence. Taking compound 96 as an example, it could
be oxidized to compound 105 by reactive oxygen species and
exhibited maximum fluorescence emission around 686 nm with
F = 0.18 [52]. These results indicated that the heavy-atom effect
could be weakened by binding of oxygen atom.

6. Conclusions and perspectives

Rhodamine is a type of widely used fluorophore. The bridge
modification atom at 10 position enriches the color palette of
rhodamines. So far, most of the possible element have been applied
to build heteroatom-substituted rhodamine. Changing the func-
tional group of the same element at 10 position seems a promising
method to further extend the heteroatom-substituted rhodamines
in the further. For example, sulfur-rhodamine and sulfone-
rhodamine share the same element at 10 position but have totally
different photophysical properties. Besides, most of the researches
in this field are focusing on group 14 elements, especially silicon. A
number of methods have been proposed to improve the brightness,
photostability and fluorogenicity of rhodamine, C-rhodamine and
Si-rhodamine. Among these methods, incorporation of four-
membered azetidine rings into the fluorophore is one of the most
attractive. However, these methods have rarely been applied in
other element replaced rhodamines so far. We hope that this
review paper can draw much more attention on the structural
modification of rhodamines. A new way of thinking can be found
through the comparison of fluorescence structure-activity



Fig. 4. Structures of Si-rhodamines.
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Fig. 10. Structures of Se-rhodamines.

Fig. 5. Structures of Ge-rhodamines.

Fig. 6. Structures of tin-substituted rhodamines.

Fig. 7. Structures of N-rhodamines.

Fig. 8. Structures of P-rhodamines.

Fig. 9. Structures of S-rhodamines and sulfone-rhodamines.
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relationships. We hope that the structure-activity relationship
summarized here, as shown in Table 1, will help to achieve the goal
of creating more dyes with high brightness and photostability.
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