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Changes in the viscosity of intracellular microenvironments may
indicate the onset of diseases like diabetes, blood-based
illnesses, hypertension, and Alzheimer’s. To date, monitoring
viscosity changes in the intracellular environment remains a
challenge with prior work focusing primarily on visible light-
absorbing viscosity sensing fluorophores. Herein, a series of
near-infrared (NIR, 700–1000 nm) absorbing and emitting
indolizine squaraine fluorophores (1PhSQ, 2PhSQ, SO3SQ,
1DMASQ, 7DMASQ, and 1,7DMASQ) are synthesized and
studied for NIR viscosity sensitivity. 2PhSQ exhibits a very high
slope in its Forster-Hoffmann plot at 0.75 which indicates this
dye is a potent viscosity sensor. The properties of the squaraine
fluorophores are studied computationally via density functional

theory (DFT) and time-dependent (TD)-DFT. Experimentally,
both steady-state and time-resolved emission spectroscopy,
absorption spectroscopy, and electrochemical characterization
are conducted on the dyes. Precise photophysical tuning is
observed within the series with emission maxima wavelengths
as long as 881 nm for 1,7DMASQ and fluorescence quantum
yields as high as 39.5 and 72.0% for 1PhSQ in DCM and THF,
respectively. The high tunability of this molecular scaffold
renders indolizine squaraine fluorophores excellent prospects
as viscosity-sensitive biological imaging agents with 2PhSQ
giving a dramatically higher fluorescence quantum yield (from
0.3 to 37.1%) as viscosity increases.

Introduction

Changes in the viscosity of intracellular microenvironments can
signify a chemical imbalance that can indicate the onset of
diseases including cancer,[1] Alzheimer’s,[2] blood-based
illnesses,[3] diabetes, hypertension, atherosclerosis,[4] and shear
stress in blood vessels.[5] Monitoring early change in the
viscosity of cellular microenvironments could be key to early
diagnosis of these diseases, and provide guides to possible
cures.[1,6] However, due to the complex nature of biological
matrices, it is still a challenge of how to best map viscosity
changes in cellular microenvironments.[7] Additionally, in the
chemical industry, viscosity analysis is routinely employed to
ensure consistency in the production and transportation of fluid
media.[8] Thus, a viscosity sensitive dye capable of monitoring

microenvironments could have a significant impact in both
biological and chemical applications.

Fluorescence-based viscosity sensors are materials that
exhibit a positive relationship between their fluorescence
quantum yield (ΦF) and the local viscosity of the surrounding
environment.[5b,7] These materials provide a logical means to
monitor changes in the viscosity of the cellular microenviron-
ment via facile fluorescence-based measurements. Recent
progress has been made on the use of organic dyes for
studying the viscosity of microenvironments.[9] A series of
BODIPY derivatives was recently shown to exhibit high viscosity
sensitivity. Among the dye series, p-BP demonstrated one of
the highest viscosity sensitivities in the literature and is used as
a reference herein (Figure 1).[10]

Viscosity enhanced fluorescence is often rationalized by the
tendency of fluorescence-based viscosity sensors to nonradia-
tively relax via vibrational pathways, exhibiting short photo-
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Figure 1. Structures of p-BP and indolizine squaraine dyes studied herein
along with the emission maxima wavelengths (λemis) and the slope of their
respective Forster-Hoffman plots (FH) showing viscosity sensitivity.
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luminescent lifetimes, and low ΦF, when photoexcited in low-
viscosity environments.[11] However, in highly viscous environ-
ments, restriction of molecular motion reduces the opportunity
for vibrational relaxation and increases the likelihood for
radiative relaxation via fluorescence. Several fluorescence-based
viscosity sensors have been developed in recent years by
designing molecular systems with strategically placed rotatable
groups.[5b,12] However, to date these fluorescence-based viscos-
ity sensors have been largely limited to the visible-light emitters
and few examples emit in the near-infrared (NIR, 700–
1000 nm).[7,9f] NIR light is more attractive for in vivo imaging
applications compared to visible light due to deeper tissue
penetration, decreased tissue autofluorescence, and lower
scattering coefficients that all contribute to the greater signal-
to-noise and resolution of in vivo images in the NIR.[13] There-
fore, there is a need for NIR fluorophores that exhibit high
viscosity sensitivity for in vivo viscosity tracking.

Squaraine-based fluorophores offer several advantages as
candidates for NIR fluorescence-based viscosity sensors owing
to their NIR absorption and emission, high photostability, high
molar absorptivity (ɛ), and characteristically high fluorescence
quantum yield (ΦF).

[14] Squaraine dyes are composed of two
donor groups conjugated through a central four-membered
diketo-ring.[14–15] Herein, a series of NIR absorbing and emitting
indolizine donor-based squaraine dyes are developed and their
viscosity sensitivity probed. Motivated by an exceptionally high
ΦF of 64.9% previously observed for a water soluble indolizine
squaraine, SO3SQ, in human serum, the ΦF of several indolizine
donor-based squaraine dyes is studied herein to determine if
the increase in ΦF is viscosity dependent (Figure 2).[16] The use
of indolizine heterocycles as donors in place of alkyl amine or
indole-based donors is known to induce bathochromic shifts in
the absorption and emission of squaraine fluorophores due to
an increase in donation strength of the indolizine heterocycle.[17]

Herein, the donation strength of the indolizine heterocycle
donors are further increased via the incorporation of auxiliary
N,N-dimethylaniline (DMA) donors on the indolizine hetero-
cycle, a strategy employed previously with indolizine cyanine
dyes.[18]

Results and Discussion

Fluorophore Design

Indolizine squaraine derivatives with variable substituents on
the phenyl ring at the 2-position of the indolizine heterocycle
have been previously explored and observed to demonstrate
minimal tuning of the absorption and emission maxima of the
fluorophores.[19] Density functional theory (DFT) computational
analysis of the highest occupied molecular orbital (HOMO) of
the indolizine squaraine dye demonstrates that the largest
HOMO orbital presence is on the 1 and 7 positions of the
heterocycle (Figure 2). We hypothesized that substitution of
DMA groups at these positions on the indolizine donor would
have the largest effect on the donation strength and induce the
greatest bathochromic shifts in the absorption and emission

maxima. To test this hypothesis, three new derivatives of
2PhSQ are designed with DMA functionalization at carbon 1
(1DMASQ), carbon 7 (7DMASQ), and both carbons 1 and 7
(1,7DMASQ, Figure 2). Additionally, removal of the phenyl
group of 2PhSQ at carbon 2 of the indolizine donor and
relocation to carbon 1 yielded a new fluorophore (1PhSQ) for
probing the effect of increased planarity through the reduction
of steric interactions.

Computational Data

Ground-state DFT calculations at the B3LYP/6-311G(d,p) level of
theory and time-dependent (TD)-DFT calculations on the
squaraine fluorophores were conducted to determine how the
HOMO and lowest unoccupied molecular orbital (LUMO)
orbitals contributing to the lowest energy excitation are
distributed across the π-system of the fluorophore (Figure 3,
Table S1). All derivatives demonstrate 98–100% HOMO to
LUMO contribution in their respective lowest energy vertical
transition. The HOMO is distributed throughout the indolizine
heterocycle as well as the squaraine core. However, negligible
HOMO contribution is seen on the phenyl ring at the 2 position
of the indolizine donor due to the large (~57°) dihedral angle
between the phenyl group and the indolizine heterocycle
causing a significant reduction in conjugation.[19] The auxiliary
DMA donors on 1DMASQ, 7DMASQ, and 1,7DMASQ are
observed to have a portion of the HOMO delocalization across
them and thus contribute to the HOMO of the fluorophores
(Figure 3, Table S1). Like the HOMO, the LUMO of the
fluorophores exhibits orbital distribution across the indolizine
heterocycles and the squaraine core, however, there is negli-
gible LUMO distribution on the auxiliary DMA groups.

Vertical transitions of the squaraine dyes were also assessed
at the B3LYP[20]/6-311G(d,p)[21] level of theory with dichloro-
methane (DCM) as an implicit solvent with Gaussian16.[22] The
following trend in vertical transition is observed for the
squaraine derivatives: 2PhSQ <1PhSQ <1DMASQ <7DMASQ
<1,7DMASQ (Table S1). Addition of the DMA groups is
observed to induce a bathochromic shift in the predicted
absorption of the dyes, with the DMA group at the 7-position
having a larger impact than the DMA group at the 1-position

Figure 2. Structures of indolizine, 2PhSQ, 1PhSQ, 1DMASQ, SO3SQ,
7DMASQ, and 1,7DMASQ.
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(723 versus 711 nm for 7DMASQ and 1DMASQ, respectively).
Addition of DMA groups at both the 1- and 7-position of
1,7DMASQ is observed to have an additive effect, with a
predicted vertical transition of 772 nm (Table S1). Removal of
the phenyl group at the 2-position in 2PhSQ and addition of a
phenyl group to the 1-position in 1PhSQ is observed to have a
minor effect on the vertical transition of the dyes (629 nm for
2PhSQ and 638 nm for 1PhSQ); however, a notable increase in
oscillator strength is observed (1.03 for 2PhSQ and 1.45 for
1PhSQ), likely due to the increased planarity of 1PhSQ allowing
for greater orbital overlap. The dihedral angle between the
squaraine ring and indolizine heterocycle for the geometry
optimized structures is 15° for 2PhSQ and 1° for 1PhSQ.

Synthesis

The novel indolizine squaraine derivatives synthesized herein
were accessed via condensation of the indolizine donors with
squaric acid (Scheme 1), as is typical for squaraine fluorophores.
Yields for this step ranged from 32 to 63%. The indolizine
donors used in the synthesis (1, 2, 3, 4, see Figure S4 for
structures) and the squaraine dyes, 2PhSQ and SO3SQ, were
synthesized according to literature procedures.[16a,18–19,23]

Photophysical Properties

With the newly synthesized dyes in hand, the photophysical
properties including steady-state absorption and emission were
investigated and compared. First, the absorption spectra of the
squaraine dyes were taken in both dichloromethane (DCM) and
tetrahydrofuran (THF) solutions to probe the photophysical
properties in two aprotic solvents (Figure 4 and S1, Table 1).
1PhSQ and 2PhSQ demonstrated identical absorption maxima
(λabs) in DCM (716 nm) and nearly identical λabs in THF (718 and
719 nm for 2PhSQ and 1PhSQ, respectively). The similarity in
λabs of these two materials can be rationalized by the materials
having similar electronics, conjugation lengths, and distribution
of their frontier molecular orbitals, which exhibit minimal
distribution on the phenyl ring whether at the 1- or 2-position

Figure 3. HOMO-LUMO orbitals of 2PhSQ, 1PhSQ, 1DMASQ, 7DMASQ, and
1,7DMASQ.

Scheme 1. Synthesis of 1PhSQ, 1DMASQ, 7DMASQ, and 1,7DMASQ fluo-
rophores.

Figure 4. Molar absorptivity (top) and normalized emission (bottom) of
2PhSQ, 1PhSQ, 1DMASQ, 7DMASQ, and 1,7DMASQ in DCM.
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for 1PhSQ and 2PhSQ, respectively (Figure 3). TD-DFT predicts a
higher ɛ for 1PhSQ compared to 2PhSQ, with oscillator
strengths of 1.45 versus 1.03, respectively. This observation is
confirmed experimentally as 1PhSQ exhibits a slightly higher ɛ
of 196,000 M�1 cm�1 compared to 2PhSQ at 181,000 M�1cm�1.
The DMA substituted squaraines, 1DMASQ, 7DMASQ, and
1,7DMASQ exhibit longer wavelength λabs compared to 2PhSQ
and 1PhSQ as predicted computationally and as expected from
adding additional electron rich groups to the indolizine donors.
1DMASQ, employing the DMA donor at the 1-position, has a
λabs of 754 nm in DCM, a 38 nm (0.09 eV) bathochromic shift
compared to 2PhSQ. However, ɛ of 2PhSQ is nearly double that
of 1DMASQ presumably due to the steric interaction of the
DMA at the 1-position and the phenyl group at the 2-position
of the indolizine donor. 7DMASQ, employing the DMA donor at
the 7-position, has a λabs of 798 nm in DCM, an 82 nm (0.18 eV)
bathochromic shift compared to 2PhSQ. Further, 7DMASQ also
has a higher ɛ than 2PhSQ at 195,000 M�1cm�1, which is
comparable to that of 1PhSQ. In comparing the two dyes with
a single auxiliary DMA donor, substitution at the 7-position
versus the 1-position yields a bathochromic shift of 44 nm
(0.09 eV) along with a doubling in ɛ. 1,7DMASQ, employing
DMA donors at both the 1- and 7-positions, has a λabs of 827 nm
in DCM, a 111 nm (0.23 eV) bathochromic shift compared to
2PhSQ, and 29 nm (0.05 eV) compared to 7DMASQ. However,
due to the presence of the DMA group at the 1-position of the
indolizine donor, 1,7DMASQ suffers from a decrease in ɛ
(100,000 M�1cm�1) as 1DMASQ. Similar trends are observed in
THF (Figure S1, Table 1).

Steady-state fluorescence spectroscopy was conducted to
determine the λemis, ΦF, and Stokes shift of the fluorophores
(Figure 4 and S1, Table 1). The Stokes shift is of concern since it
reveals information about the molecular reorganization be-
tween the ground state and excited state geometries of the

fluorophores, a metric that is important for viscosity sensitivity.
2PhSQ exhibits a λemis of 770 nm in DCM with a Stokes shift of
54 nm (0.12 eV). 1PhSQ is observed to emit at higher energies
compared to 2PhSQ with a λemis of 740 nm in DCM and a Stokes
shift of 24 nm (0.06 eV). The halving of the Stokes shift of
1PhSQ compared to 2PhSQ indicates a smaller degree of
reorganization between the ground and excited state geo-
metries of the fluorophore. The fluorophores containing
auxiliary DMA donors all demonstrate lower energy λemis

compared to 2PhSQ, with λemis of 826, 840, and 872 nm in DCM
for 1DMASQ, 7DMASQ, and 1,7DMASQ, respectively. The
Stokes shift of the dyes containing the auxiliary DMA donors is
observed to be 72 nm (0.14 eV), 42 nm (0.08 eV), and 45 nm
(0.08 eV) for 1DMASQ, 7DMASQ, and 1,7DMASQ, respectively.

ΦF of the fluorophores were determined to understand the
effect of structural modification on fluorescence intensity of the
materials. All of the dyes were observed to have a greater ΦF in
THF compared to DCM, with increases ranging from ~1.2 to
~3.9 times higher. 2PhSQ exhibited a ΦF of 0.7% in DCM and
2.4% in THF, which is comparable to the previously reported
value of 3.7% in toluene. However, a simple shift of the phenyl
ring from the 2-postion to the 1-position for 1PhSQ yielded a
remarkable increase in the ΦF to 39.5% in DCM and 72.0% in
THF (Table 1). A 72.0% ΦF from a NIR fluorophore is exceptional.
The higher ΦF of 1PhSQ relative to 2PhSQ is likely linked to the
decrease in the Stokes shift of 1PhSQ compared to 2PhSQ,
which indicates similar ground state and excited state geo-
metries and a higher probability for radiative decay. 1DMASQ
exhibits the smallest ΦF of the series at 0.2% in DCM and 0.4%
in THF, which is likely due to the significant steric interactions
of the 2 phenyl group and 1 DMA group promoting non-
radiative relaxation pathways. 7DMASQ has a ΦF slightly higher
than that of 2PhSQ (2.7 versus 0.7% in DCM and 3.1 versus
2.4% in THF, respectively). Given the lower energy emission of

Table 1. Photophysical data of 1PhSQ, 2PhSQ, 1DMASQ, 7DMASQ, 1,7DMASQ, SO3SQ and C3.

Dye Solvent λabs
[nm]

λemis

[nm]
ɛ
[M�1 cm�1]

Stokes Shift
[nm jeV]

ΦF

[%]
MB[a]

[M�1cm�1]

1PhSQ DCM
THF
Gly

716
719
722

740
745
740

196,000
–
–

24 j0.06
26 j0.06
18 j0.04

39.5
72.0
30.3

77,400
–
–

2PhSQ DCM
THF
Gly

716
718
714

770
764
731

181,000
–
–

54 j0.12
46 j0.10
17 j0.04

0.7
2.4
37.1

1,270
–
–

1DMASQ DCM
THF

754
754

826
828

91,000
–

72 j0.14
74 j0.15

0.2
0.4

182
–

7DMASQ DCM
THF
Gly [50%]

798
798
796

840
846
815

195,000
–
–

42 j0.08
48 j0.09
19 j0.04

2.7
3.1
10.7

5,270
–
–

1,7DMASQ DCM
THF

827
827

872
881

100,000
–

45 j0.08
54 j0.09

1.0
3.9

1,000
–

SO3SQ
[b] DMSO

Gly
720
713

734
730

145,000
–

14 j0.03
17 j0.04

8.6
42.2

12,500
–

C3[b] DCM
Gly

708
705

741
724

204,000
–

33 j0.08
19 j0.05

<1.0
12.8

� 2,000
–

[a] MB=molecular brightness, calculated as the product of ɛ and ΦF [b] Data for SO3SQ
[16a] in DMSO, and C3[24] in DCM are from the literature.
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7DMASQ a lower ΦF would be anticipated given the energy
gap law.[25] 1,7DMASQ is observed to have a ΦF of 1.0% in
DCM, and the second highest ΦF of the series in THF at 3.9%.
This is consistent with 1,7DMASQ having a significantly smaller
Stokes shift than 1DMASQ. Molecular brightness (MB, defined
MB=ɛ × ΦF) is an important metric when comparing
fluorophores intended for in vivo imaging applications since it
accounts for both absorption and emission intensity. MB values
in DCM were observed to be 1,270, 77,400, 182, 5,270, and
1,000 M�1 cm�1 for 2PhSQ, 1PhSQ, 1DMASQ, 7DMASQ, and
1,7DMASQ, generating a trend of 1PhSQ >7DMASQ >2PhSQ
>1,7DMASQ >1DMASQ. Notably, a molecular brightness of
77,400 M�1 cm�1 is exceptionally high in the NIR region.

Electrochemical Properties

Cyclic voltammetry experiments were conducted with the
indolizine squaraine dyes to determine how the energetics of
the fluorophores vary based on the indolizine donor utilized.
The ground state oxidation (ES+ /S) and reduction (ES/S-) poten-
tials of the dyes are reported in Figures 5 & S2 and Table S2.
The trend in ES+ /S (from least negative to most negative) was
observed to be: 1PhSQ<2PhSQ<1DMASQ<7DMASQ<

1,7DMASQ (Figure 5). The ES+ /S values demonstrate that as the
electron density of the donor increases, ES+ /S becomes more
negative, indicating an increase in the energy of the HOMO
with a tunable range of near 500 mV. Unlike ES+ /S, ES/S- of the
dyes demonstrated no obvious trend and was more closely
grouped energetically (260 mV variation). The excited state
oxidation potentials (ES+ /S*) were determined via the equation:
ES+ /S*=ES+ /S�Eg

opt (where Eg
opt is determined from the absorp-

tion onset in DCM solution) and were observed to follow the
same trend as ES/S� again with a small variation (<200 mV).
While ES+ /S* and ES/S� are not the same value, they both provide
information about the LUMO of the fluorophore and indicate
that the indolizine donors are having modest effects on the
LUMO energies.

Fluorescence Lifetimes

Photoluminescent (PL) lifetimes of the squaraine dyes are
studied herein in DCM solution along with an indolizine cyanine
dye, C3 (Table 2 and S3, Figure 6 and S3). 1PhSQ was observed
to have the longest PL lifetime of the series at 2131 ps. The
longer excited state lifetime of 1PhSQ is likely due to the
increased planarity of the molecule, which maximizes radiative
decay of the excited state and minimizes the rapid nonradiative
processes (Figure 6, Table 2). The long PL lifetime of 1PhSQ is
also reflected in it having the highest ΦF of the series since PL
lifetimes are known to be related to the ΦF of fluorophores.

[26]

On the other hand, 2PhSQ exhibits a shorter PL lifetime of
<60 ps (noted as less than due to limitations of the instrument
response function). This also coincides with 2PhSQ having a
much smaller ΦF than 1PhSQ. 1DMASQ also demonstrates a PL
lifetime near the instrument response function at just 68 ps,
indicating rapid nonradiative decay processes that also coincide
with it having the smallest ΦF of the series. 7DMASQ and
1,7DMASQ demonstrate appreciable PL lifetimes of 371 and
123 ps, respectively. Both dyes also exhibit appreciable ΦF at
3.1% and 3.9% for 7DMASQ and 1,7DMASQ, respectively. The
overall trend in PL lifetimes is as follows: 2PhSQ’1DMASQ<

1,7DMASQ<7DMASQ!1PhSQ. SO3SQ, which shows dramati-
cally increased fluorescence quantum yields in confined envi-
ronments as previous reported, displays a PL lifetime of 211 ps
in water.[16b] This is comparable to other water soluble NIR
squaraines.[27] The fluorescent lifetime of the indolizine cyanine
dye, C3, used herein to allow for comparison of a cyanine and

Figure 5. Experimentally determined ground state oxidation and reduction
potentials of 1PhSQ, 2PhSQ, 1DMASQ, 7DMASQ, and 1,7DMASQ in DCM
solution with a 0.1 M NBu4PF6 electrolyte, glassy carbon working electrode,
Ag pseudo reference electrode, and Pt counter electrode. Potentials are
referenced to Fc+/Fc at 0.00 V.

Table 2. Photoluminescent lifetime and fluorescent quantum yield data of
the dyes in DCM solution, except for SO3SQ which was studied in H2O.

Dye Rate
[1/ps]

Lifetime
[ps]

ΦF

(%)

1PhSQ 0.0005 2131 39.5

2PhSQ >0.017 <60 0.7

1DMASQ 0.0147 68 0.2

7DMASQ 0.0027 371 2.7

1,7DMASQ 0.0081 123 1.0

SO3SQ 0.0047 211 0.8[a]

C3 >0.017 <60 <1.0[a]

[a] Literature values for SO3SQ and C3 respectively.[16a,24]

Figure 6. Photoluminescent lifetime graphs of the dyes in DCM solution,
except for SO3SQ which was studied in H2O. The lifetime of 2PhSQ is less
than the instrument response function.
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squaraine bridge, (see Figure S4 for structure) was also meas-
ured and observed to be less than the response function of the
instrument which similarly coincides with it having a low ΦF of
<1.0%.[28]

Viscosity Sensitivity

Select molecules are known to exhibit significant variation in
their photophysical properties depending on their local molec-
ular environment (Table S4). Variables such as temperature,[29]

solvent dielectric constant,[24] and hydrogen bonding
capabilities[30] are frequently studied for their impact on photo-
physical properties. Solvent viscosity is a less frequently
investigated variable that has the capacity to greatly affect the
molecular brightness of many fluorophores.[31] Fluorophores
that exhibit strong viscosity responses are of particular interest
to fluorescence biological imaging due to the high local
viscosity of tissues and intracellular environments. Thus, fluo-
rophores that exhibit a strong viscosity response would “light-
up” in a highly viscous biological matrix, improving their MB
and utility as in vivo imaging fluorophores. This was previously
observed with the indolizine squaraine, SO3SQ, as it was
observed to exhibit a ΦF of 64.9% in human serum,[16b] a record
for the spectral region, but a ΦF of only 0.3% in aqueous
solvent.[16a] Current understanding of viscosity-sensitive fluoro-
phores links a high degree of molecular rotation to a strong
viscosity response.[31] This suggests that in low viscosity environ-
ments, excited states more easily decay via nonradiative path-
ways due to easily accessible rotations and vibrations. Con-
versely, in high viscosity environments, excited states more
easily decay via radiative pathways such as fluorescence due to
the restriction of molecular motion.[32] In highly viscous environ-
ments, nonradiative relaxation pathways stemming from intra-
molecular motion are suppressed due to increased rigidity of
the fluorophore within the viscous solvent matrix. In fluoro-
phores exhibiting viscosity sensitivity, there is typically a linear
relationship between the viscosity of the solution (η) and ΦF.
This relationship is commonly represented as log(η) versus
log(ΦF) to more clearly show the linearity of the relationship by
expanding the respective axes, and is referred to as the Forster-
Hoffmann plot.[33] Herein, the viscosity response of the
indolizine squaraine molecular scaffold is probed to investigate
the mechanism of this previously observed fluorescence
“switch-on” behavior.

2PhSQ was subjected to viscosity studies by collecting the
absorption and fluorescence emission spectra in different ratios
of methanol (MeOH) and glycerol solutions to determine the
viscosity sensitivity of the fluorophore (Figures 7 and S5,
Table 3).[10,34] The absorption spectrum of 2PhSQ is observed to
gradually decrease in intensity and shift towards lower energy
as the viscosity of the solution increases from 100% MeOH to
100% glycerol. The emission spectrum of 2PhSQ demonstrates
a substantial increase in fluorescence intensity and conse-
quently a dramatic increase in ΦF from a mere 0.3% in MeOH
(low viscosity) to 37.1% in glycerol (high viscosity). The Forster-
Hoffman plot is generated by plotting the log(η) versus log(ΦF)

to yield a linear relationship that reveals the relative viscosity
sensitivities of the material (Figure 7). This process was repeated
for other derivatives including 1PhSQ, C3, and 7DMASQ in
MeOH/glycerol mixtures, as well as SO3SQ in H2O/glycerol
mixtures, to compare the relative viscosity responses of the
materials.

The slope of the line of best fit represents the viscosity
sensitivity of the fluorophore. 2PhSQ exhibits a slope of 0.75
which indicates a very high sensitivity to solution viscosity as
the highly sensitive reference material, p-BP, exhibits a slope of
0.59.[10] From a brief search of the literature, a viscosity
sensitivity of 0.75 appears to be an exceptional viscosity
sensitivity amongst NIR fluorescent-based viscosity sensors.[5b,35]

1PhSQ was observed to a have slope of 0.42 through the linear
viscosity region. While this is a respectable value, it is much
smaller than that of 2PhSQ. 7DMASQ exhibits a viscosity
sensitivity of 0.34, indicating moderate viscosity sensitivity.
Further, 7DMASQ was only studied in MeOH/glycerol mixtures
of up to 50% glycerol as higher ratios of the viscous solvent
induced dye aggregation as seen by broadening in the

Figure 7. Forster-Hoffman plot and Forster-Hoffman slopes (value in paren-
theses next to dye code) for 2PhSQ, 1PhSQ, 7DMASQ, C3, p-BP in MeOH/
glycerol, and SO3SQ in H2O/glycerol mixtures. Experimental data presented
herein has been reproduced on separate instruments and is accurate to
slopes of �0.01.

Table 3. ΦF[JHD1] of 2PhSQ, 1PhSQ, SO3SQ, 7DMASQ, and C3 in MeOH/
glycerol mixtures increasing fractions of glycerol.

Glycerol
[%]

1PhSQ
ΦF

[%]

2PhSQ
ΦF

[%]

7DMASQ
ΦF

[%]

SO3SQ
ΦF

[a]

[%]

C3
ΦF

[%]

0
10
20
30
40
50
60
70
80
90
100

3.5
4.1
5.3
6.4
8.3
11.7
14.9
21.6
32.1
28.2
30.3

0.3
0.4
0.5
0.8
1.3
2.1
3.5
6.6
12.3
20.5
37.1

2.9
3.8
4.5
5.7
8.2
10.7
–
–
–
–
–

0.2
0.4
0.8
1.3
2.5
3.4
5.8
8.9
14.2
29.8
42.2

0.3
0.4
0.5
0.7
1.0
1.4
2.0
3.2
5.0
7.7
12.8

[a] ΦF data obtained in volume percent of H2O/glycerol mixtures.
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absorption curves and the absence of detectable emission
signal. This is likely due to the two large aliphatic chains of
7DMASQ causing the dye to preferentially aggregate at higher
ratios of glycerol. Regardless, enough data points were
gathered to exhibit a linear relationship within the plot and
determine the viscosity sensitivity of the material. 1DMASQ and
1,7DMASQ were not analyzed due to substantially lower
solubilities of these dyes relative to 7DMASQ, which is already
challenging to measure the viscosity sensitivity of due to
solubility. C3 and C5, a trimethine and pentamethine indolizine
cyanine dye, respectively (structures given in Figure S4), were
also tested for viscosity sensitivity to explore if the cyanine
scaffold exhibits viscosity sensitivity similar to the squaraine
scaffold. Preliminary experiments demonstrated little to no
viscosity sensitivity for C5 (Figure S5), which showed minimal
change in fluorescence intensity based on solvent viscosity.
However, C3 was observed to exhibit reasonable viscosity
sensitivity in preliminary experiments and was studied further.
A Forster-Hoffmann plot was generated for C3, generating a
line of best fit with a slope of 0.55 (Figure 7, Figure S5, Table 3).
This value is lower than that of 2PhSQ, indicating a lower
viscosity sensitivity for the cyanine dye than the squaraine dye,
however, it is comparable to high performing literature stand-
ards like p-BP. The higher sensitivity of C3 relative to C5 is
presumably due to the increased steric interaction of the
indolizines of C3 as previously shown in the literature.[24] The
following trend in Forster-Hoffman values was observed herein
2PhSQ>p-BP>C3>1PhSQ>7DMASQ>C5.

The high viscosity response of 2PhSQ could be used to
rationalize the remarkably high fluorescence response of SO3SQ
when bound to serum albumin, which is presumably due to the
high local viscosity of the Heme cleft where the dye is predicted
to bind.[16a] To probe this theory, the viscosity sensitivity of
SO3SQ was studied in H2O/glycerol mixtures (Figure 7 and S5,
Table 3). Contrary to 2PhSQ, the absorbance of SO3SQ increases
as the ratio of glycerol increases, nearly doubling from ~0.6 to
~1.2. The absorbance is also observed to shift towards lower
energy as the percent volume of glycerol increases. The
emission intensity of SO3SQ is observed to increase dramatically
as the percent volume of glycerol increases, depicting strong
viscosity sensitivity for the material. ΦF is observed to increase
from a 0.2% in water to 42.2% in glycerol. The Forster-
Hoffmann plot of SO3SQ is observed to have roughly two
regions of linearity. The first region spans from 0 to 30%
glycerol and exhibits a slope of 1.95 which is exceptionally high
and shows a strong dependence on solvent viscosity but may
be significantly affected by dye aggregation reduction with
more organic solvent rather than due to viscosity alone as
indicated by the absorption curve changes. The second region
spans from 40 to 100% glycerol and demonstrates a slope of
0.55, which is still comparable to both p-BP and C3. Overall,
SO3SQ is observed to demonstrate a high sensitivity to solvent
viscosity which rationalizes its exceptional ΦF in serum
solutions.

It has previously been shown that viscosity sensitivity
originates from a fluorophore having a nonradiative excited
state geometry that is rotationally accessible in low viscosity

solvents, but not high viscosity solvents.[10] The magnitude of
viscosity sensitivity of the fluorophore is governed by the
rotational energy barrier required to access this non-radiative
excited state geometry being environment dependent. In a
high viscosity environment, the rotational barrier should be
high which prohibits accessing the non-radiative state. How-
ever, in a low viscosity environment the rotational barrier needs
to be sufficiently low to allow for the fluorophore to readily
access the non-radiative state. The difference in energy of the
rotational barrier for these two environments determines the
viscosity sensitivity of the system provided both a trapped
radiative state (high viscosity) and an accessible non-radiative
state (low viscosity) can be accessed. While the magnitude of
viscosity sensitivity is difficult to predict for a given fluoro-
phore’s chemical structure, the incorporation of rotatable
groups within the π-system is of paramount importance to
impart viscosity sensitivity in a fluorophore.[9a–d,f,36]

To rationalize the high viscosity sensitivity of the 2PhSQ
scaffold relative to the other squaraine fluorophores tested
herein, the rotational barriers at the indolizine-squaraine core
were probed for the ground and excited state geometries of
2PhSQ and 1PhSQ (Figure S6 and 8). The ground and excited
state geometries of the fluorophores were observed to have
nearly degenerate energy profiles (Figure 8). Previous studies
with indolizine squaraines containing the aryl groups at the 2-
position demonstrated that cis/trans isomerization is slow for
larger groups at room temperature, which is corroborated with
the data given herein illustrating that the energy available at
room temperature is near the 0° energy barrier for rotation.[19]

This also suggests that 1PhSQ should be able to rotate rapidly
between the cis and trans conformers at room temperature
since the 0° energy barrier is small. The edges of the graph near
180° and �180° demonstrate that 1PhSQ has a higher energy
barrier to rotation that 2PhSQ, with energy barriers of ~45 and
30 kcal/mol, respectively. This indicates that at the excitation
wavelengths used herein, where 770 nm is equivalent to

Figure 8. Relative energy versus dihedral angle plot for the ground and
excited state geometries for 1PhSQ and 2PhSQ. Ground state geometries
are shown as the darker colors and excited state geometries are the lighter
colors. 0° represents the trans geometry with respect to the indolizine
heterocycles to each other, and 180° represents the cis geometry. The
dotted lines represent the amount of available energy (in kcal/mol) at the
respective temperatures or wavelengths listed next to them.
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~36 kcal/mol, there is sufficient energy to overcome the 180°
energy barrier for 2PhSQ, but not 1PhSQ. The 180° geometry
may present a nonradiative relaxation pathway conformation
that is available for 2PhSQ but not 1PhSQ. The available
nonradiative relaxation pathway could result in the low ΦF of
2PhSQ in low viscosity solvents as the molecule is able to easily
rotate through this barrier; however, high viscosity solvents
restrict motion and thus increase the relative energy of this
barrier and do not allow access to it, resulting in a substantial
increase in ΦF. This rationalizes the much higher slope in the
Forster-Hoffman plot observed for 2PhSQ compared to 1PhSQ,
which cannot rotate freely regardless of solvent viscosity. The
lower slope observed for 7DMASQ could be due to the large 2-
ethylhexyl chain increasing the relative energy barrier and rate
of rotation by acting as an anchor and needing to be “drug”
through the solvent, resulting in a similarly lower slope in the
Forster-Hoffman plot like 1PhSQ.

Conclusions

Four new NIR emissive indolizine squaraine dyes were synthe-
sized, three of which were decorated with auxiliary DMA donors
at carbons 1 and 7 on the indolizine heterocycle. Computational
analysis guided the dye design and revealed significant
contribution of the DMA groups to the HOMO, which was
observed experimentally as bathochromic shifts in the absorp-
tion and emission of the DMA containing dyes. The dyes were
observed to absorb and emit in the NIR region, with absorption
maxima ranging from 719 to 827 nm and emission maxima
ranging from 748 to 881 nm. One of the highest ΦF in the NIR
of 72% has been realized for 1PhSQ in THF solution. Viscosity
sensitivity studies show that 2PhSQ is one of the highest NIR
viscosity sensors to date with a slope of 0.75 in the Forster-
Hoffman plot. This could be useful for monitoring changes in
the intracellular environment and also rationalizes the “switch-
on” fluorescence response of previously studied SO3SQ. Thus,
this work further implicates indolizine squaraine fluorophores
as practical in vivo fluorescence imaging dyes and intracellular
viscosity sensors.
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