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Abstract

A new strategy of obtaining large Stokes shift squaraine dyes is reported. Archetypal near infrared
squaraines typically have very sharp absorption peaks and small Stokes shifts due to their very rigid
ground and excited state molecular structures. TDDFT calculations revealed that large Stokes shift in
squaraines can be reached by structural relaxation of the excited state. We achieved Stokes shifts of
90nm by introducing a dibutyl- aniline side group and an electron withdrawing dicyano group to the
squarate core. Wavefunction analysis indicates that that steric interactions and mesomeric effects in

the ground and excited states of squaraines are crucial in determining the Stokes shift of the dye.

Keywords: near infrared fluorophores, asymmetric squaraines, large Stoke shift, TDDFT calculations

1. Introduction

In the last decade, there have been increasing interests in organic dyes, especially near infrared (NIR)
dyes for diverse applications in light emitting diodes, field-effect transistors, organic photovoltaics,
NIR-fluorescence imaging and photo dynamic therapy, ' Their most notable features include strong
absorption in the NIR region, tunable solubility in different solvents, and remarkable chemical and
photostability. Great efforts have been made to develop more effective NIR dyes, including
borondipyrromethenes (BODIPYs), pyrrolopyrrole cyanine and squaraines. ! Among these
fluorophores, squaraine compounds are actively being investigated as high performance components

with resonance stabilized zwitterionic structures. !

Symmetric squaraines are the condensation products of one equivalent of squaric acid and two
equivalents of suitable electron rich precursors. ! These dyes possess effective absorption in NIR
region (> 600 nm), narrow excitation and emission peaks with large molar extinction coefficients and
quantum yields. ! However, compared to these popular and intensely studied “classical” squaraines,
asymmetric derivatives are considerably less investigated. Asymmetrical squaraines in donor-
acceptor-donor (D-A-D) types can provide unidirectional flow of electrons, which may affect charge
transfer in the molecule, resulting in the change of the physical properties and improvement in the

performance of organic solar cells and dye sensitized solar cells. ) More importantly, the structures
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with one site of functional group like — COOH can provide mono specific binding site to some bio-

molecules, such as: oligonucleotides, which will act as probes for multiple detection applications.

Large Stokes shift is desirable in fluorescent labeling applications of dyes, as it reduces self-
quenching effects and interference from excitation source. However, despite the favorable
characteristics of squaraines, the Stokes shifts are typically 20-30 nm, which limits its potential

applications.

Recently, asymmetrical squaraine dyes with large Stokes shifts (~90nm) has been reported. ]

Shafeekh et. al. has shown that the large Stokes shifts in their squaraines are due to the dipole moment
inversion of the excited state and its interaction with the solvent. ** Since the effect is due to the
redistribution of the charge density between the excited and ground states, it is highly sensitive to the

local environment.

Archetypal near infrared squaraines have very rigid ground and excited state structures due to their
large conjugated systems. As a result, squaraines typically have very sharp absorption peaks and small
Stokes shifts. In this paper, we explore an alternative approach to increase the Stokes shift in
squaraines by stabilizing the excited state through structural relaxation. We achieved a large Stokes
shift of 90nm by introducing a dibutyl-aniline side group and an electron withdrawing dicyano group
to the squarate core. Wavefunction analysis indicates that steric interactions and mesomeric effects in
the ground and excited states of squaraines is an important factor in determining the Stokes shift of

the dye.

2. Results and Discussion

Asymmetrical squaraines can be synthesized through a variety of multi-step procedures using electron
rich precursors. ' In order to tune physical properties of asymmetrical squaraines, we choose a
strategy that will facilitate structural diversification by first preparing semi-squariane salts and
subsequently attaching various donor moieties. "'*"*! Since squarylium dyes with tertiary arylamine
groups are known to have better stability and solubility than those with heterocyclic end groups, and

rotational relaxation is known the occur in the excited states of symmetrical arylamine-squaraines, [5d]
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new asymmetrical squaraine dyes containing the substituted aniline are firstly developed (Scheme 1).

[14]

The substituted aniline based semi-squaraine salt 1 is used as our first template and synthesized
according to the steps reported in the literature. ' Different substituted benzothiazolium quaternary
iodides 2a-2¢ are used in the reflux of 1-butanol and toluene (1:1) with salt 1 to achieve final product
3a-3c¢ in moderate yields. Notably, the halide functionality for 3b and 3¢ canserve as diversity point

for further structure tuning and optimization. !

N
o) 0 0] 0 ©/ N
j\;ﬁ SOCl,, Toluene, j:( 0 Q O HCI EtOH/Water

ho’ oy TraceDMF,2hr 7 g ALCl, DCM, Reflux \_L Reflux
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1-Butanol/Toluene 0 3a-3c
1

Scheme 1. Multi steps synthesis of squaraine 3a-c.

To further investigate the influence on the structure difference of asymmetrical squaraines,
another new series of compounds 6a-6¢ are synthesized based on semi squaraine salt 4 which contains
benzaothiazole moiety as a good electron donor and dicyanovinyl groups as a strong electron
withdrawing group functionalized on the squarate core (Scheme 2). "1 A dicyanovinyl group is
added in 6a, in contrast to 3a, to investigate the influence of additional acceptor functionalities at the
squarate core. Compound 6b and 6c¢ are also successfully prepared, respectively, to tune the

conjugation size in the structure. The yields for 6a-6¢ range from 8 % to 45%.
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Scheme 2. Multi steps synthesis of squaraine 4, 6a-c.

To gain insight into the relationship between molecular structure and physical properties, their

absorption and fluorescence values are studied (Table 1; commercially available Cy5 and Cy5.5

standards were included for comparison).'® All of them have shown strong absorptions in red visible

to NIR regions with high molar absorption coefficients (¢) up to 10*~ 10° mol”'em™L in DMSO. The

introduction of dicyanovinyl group on the squarate core (6a) resulted in significant red shift for the

absorption wavelength and a larger stokes shift of 90 nm compared to 3a.
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Table 1. Comparison of Squaraine dyes to Cy5 and Cy5.5 in DMSO.

Dyes” max(nm) Ar(nm)” AE(eV) Akmm)!? @'

3a 618 57 0.17 63 0.26
3b 618 57 0.17 -- 0.22
3c 640 35 0.10 -- 0.25
6a 630 90 0.25 79 0.17
Cy5 648 27 0.07 -- 0.28
6b 680 32 0.08 37 0.21
6¢c 712 27 0.06 33 0.20
Cy5.5 685 35 0.08 - 0.23

[a]All the measurements were carried out in the concentration of 10 uM (or less) dyes which dissolve

in DMSO. [b]AA (nm) = Stokes shift (nm) in experiments. [c]Stokes shift presents in AE(eV). [d]AL
(nm) = Stokes shift (nm) in simulations. CAM-B3LYP/6-311+G(d,p) TDDFT calculations with
DMSO PCM solvation (nB97xD/6-31G(d) PCM optimized structures). [e]@ = quantum yield.

Large Stokes shift in organic fluorophores has been attributed to intramolecular charge transfer
(ICT) excitation state or local excitation (LE) with competing steric and mesomeric interactions. Both
phenomena can cause a significant geometric difference between ground state and excited state,
resulting in a large Stokes shift. The dibutyl aniline side chain of our squaraine dye is determined to
be the deciding factor in causing a significant Stokes shift as both 3a and 6a has considerable larger
Stokes shift than the other substrates despite scaffold similarity. Hence we will consider how both

excitation mechanisms influence the N,N-dibutylaniline moiety during absorption and fluorescence.
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Figure 1. DMABN ground state, LE S; and possible ICT excited states

ICT generates a pseudo-zwitterionic excited state S; where a positive and negative charge resides at
different regions of the fluorophore that stabilizes the charges respectively. This leads to a large
structural change from the ground state S, resulting in the large Stokes shift. A well-documented
example is 4,4-dimethylaminobenzonitrile'” (DMABN, Figure 1.) and its para-alkylamine derivatives.
Its close structural relation to our dibutyl aniline side chain makes its excitation mechanism plausible

for our substrate. Several charge transfer states of DMABN and their kinetic and thermodynamic

19b
1", where

feasibility has been investigated theoretically. These includes the twisted ICT, TICT mode
the amino group is in a perpendicular position relative to the benzene ring, the planar ICT, PICT'*
which the amino group lies in the benzene plane, the wagged ICT, WICT' which involves a
rehybridization from planar sp2 to pyramidal sp3 of the amino nitrogen and lastly the rehybridized
ICT, RICT" involves a rehybridization of the cyano carbon atom from sp to sp2 entailing a bent

cyano bond.
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AMnm
Dye TDDFT Method Optimization Method Solvation Aaps(nm) Aem(NM)
CAM-B3LYP/6-
3a ®B97x-D/6-31G(d) SMD 520 598 78

311+G(d,p)
CAM-B3LYP/6-

®B97x-D/6-31G(d) PCM 519 582 63
311+G(d,p)
®B97x-D /6-311+G(d,p) ®B97x-D/6-31G(d) SMD 511 596 85
LC-BLYP/6-311+G(d,p) ®B97x-D/6-31G(d) SMD 480 600 120
B3LYP/6-311+G(d,p) ®B97x-D/6-31G(d) SMD 572 606 34
PBE0/6-31+G(d) ®B97x-D/6-31G(d) SMD 560 598 38
CAM-B3LYP/6-

PBE0/6-31+G(d) SMD 544 584 40
311+G(d,p)
PBEO0/6-311+G(d,p) PBE0/6-31+G(d) SMD 570 594 24
CAM-B3LYP/6-

CAM-B3LYP/6-31+G(d) PCM 521 580 59
311+G(d,p)
CAM-B3LYP/6-

6a ®B97x-D/6-31G(d) SMD 520 609 89

311+G(d,p)
CAM-B3LYP/6-

®B97x-D/6-31G(d) PCM 528 606 78
311+G(d,p)
®B97x-D /6-311+G(d,p) ®B97x-D/6-31G(d) SMD 507 607 100
LC-BLYP/6-311+G(d,p) ®B97x-D/6-31G(d) SMD 465 599 134
B3LYP/6-311+G(d,p) ®B97x-D/6-31G(d) SMD 595 632 37
PBE0/6-31+G(d) ®B97x-D/6-31G(d) SMD 579 623 43
CAM-B3LYP/6-

PBE0/6-31+G(d) SMD 589 620 31

311+G(d,p)
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PBE0/6-311+G(d,p) PBE0/6-31+G(d) SMD 546 608
CAM-B3LYP/6-

CAM-B3LYP/6-31+G(d) PCM 531 606
311+G(d,p)
CAM-B3LYP/6-

6b ®B97x-D/6-31G(d) SMD 576 614

311+G(d,p)
CAM-B3LYP/6-

®B97x-D/6-31G(d) PCM 578 616
311+G(d,p)
®B97x-D /6-311+G(d,p) ®B97x-D/6-31G(d) SMD 572 613
B3LYP/6-311+G(d,p) ®B97x-D/6-31G(d) SMD 604 634
PBE0/6-31+G(d) ®B97x-D/6-31G(d) SMD 593 624
CAM-B3LYP/6-

CAM-B3LYP/6-31+G(d) PCM 579 6159
311+G(d,p)
CAM-B3LYP/6-

6¢ ®B97x-D/6-31G(d) SMD 596 631

311+G(d,p)
CAM-B3LYP/6-

oB97x-D/6-31G(d) PCM 599 634
311+G(d,p)
®B97x-D /6-311+G(d,p) ®B97x-D/6-31G(d) SMD 5918 628
B3LYP/6-311+G(d,p) ®B97x-D/6-31G(d) SMD 622 651
PBE0/6-31+G(d) ®B97x-D/6-31G(d) SMD 611 640
CAM-B3LYP/6-

CAM-B3LYP/6-31+G(d) PCM 601 633

311+G(d,p)

The ICT S, is unobtainable by direct excitation and requires a kinetic transition from the LE S,".

Due to its pseudo-zwitterionic properties, the ICT S; will possess significantly higher dipole moment
than the ground state Sy and LE S,, causing it to be more stable in polar solvents. Both of these
phenomena will result in the observation of the dual fluorescence in the UV spectra produced by the

LE S;and ICT S; with the ICT fluorescence peak increasing in magnitude with the solvent polarity.
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As dual fluorescence is absent in our squaraine dyes in both polar and non-polar solvents (Table 2 &
3), this rules out the ICT mechanism in triggering the large Stokes shift observed.

In organic fluorophores, local excitation mechanism can cause significant Stokes shift due to the
resonance effects being more dominant in the excited state stabilization while steric hindrance is more
prominent in the ground state stabilization. This hierarchical change of stabilization factors during
excitation creates a substantial geometric change in the process. Liu and coworkers® exploited this
feature in the local excitation mechanism by adding a rotatable substituent that can form conjugation
with the fluorophore scaffold and customizing the steric hindrance on the substituent. The rotatable
controlled steric hindrance on the substituent is strong enough to form a stabilized non-planar ground
state structure but weak enough to be overridden by the mesomeric effect during the excited state
formation to form a planar structure where the resonance is maximized to cause a substantial
geometric change.

To understand the factors causing the large Stokes shift in 6a in comparison to its structurally
analogues 3a and 6b and 6c, TDDFT calculations with implicit solvation in DMSO were utilized.
CAM-B3LYP/6-311+G(d,p) TDDFT calculations with PCM*' solvation in DMSO gave the best
qualitative trend with the calculated Stokes shift for 3a at 63 nm while that for 6a was 79 nm (Table
2). Initially a benchmark TDDFT studies at the 6-311+G(d,p) level with long range corrected
functionals (CAM-B3LYP*, ®B97X-D* and LC-BLYP**) and popular DFT methods , B3LYP and
PBEO were computed with ®B97X-D/6-31G(d) optimized structures. SMD** implicit solvation in
DMSO was included in both TDDFT and optimization calculations (Table 2). Only long range
corrected functionals were able to correctly determine the larger Stokes shift of 3a and 6a compare to
6b and 6¢, demonstrating the importance of range correction in TDDFT calculations. To eliminate the
possibility of the results being an artifact of ®wB97X-D/6-31G(d) geometries, CAM-B3LYP/6-
311+G(d,p) TDDFT calculations were accomplished with CAM-B3LYP / 6-31+G(d) and PBEOQ/6-
31+G(d) optimized structures to affirm that the qualitative trend of the Stoke shift (Table 2). The
resulting Stokes shift reiterates the qualitative trend with respect to the experimental result.

The TDDFT calculations predicted that for 3a and 6a, 6b and 6c¢, both the excitation (S0—S1) and

fluorescence (S1—S0) is caused primarily by the HOMO to LUMO transition. The n conjugation is
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predominant in the HOMO and LUMO of 3a, 6a 6b and 6c and its excited states (Supporting
Information Figure S1-S4), predicting that both the excitation and fluorescence involves a © to ©*
transition. The orbital contributions from the ketone and dicyanovinyl functional group on the
squarate core (Figure 2) are absent in the LUMO while the squarate core has a significant contribution
in the HOMO. This suggests that the squarate core have significant influence on the stabilization of
the HOMO of the system. The involvement of the orbital of the dibutylamine N moiety in both the
HOMO and LUMO suggest its significance in affecting both the Sy and S; state in the LE mechanism.
The magnitude of the Stokes shift is a result of the magnitude of the geometric change between the
absorption state and the fluorescence state geometry. The geometric and electron density change
between the ground and excited state due to local excitation are studied to elucidate the factors behind

the Stokes shift.
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Figure 2. Isodensity plot of molecular orbitals (HOMO and LUMO) of 3a, 6a, 6b and 6c¢ at ground
state.

The deviation from planarity of the ground and excited state is used to evaluate the geometric
change and assess the degree of optimization of the resonance effect. The dihedral angle deviation
from planarity in the Sy and S; state (0, Supporting information Table S2-S5) is taken to compare the
mesomeric effects where the geometric change in reflected in their dihedral deviation difference (A0,
Table 4).The non-planarity of the dicyanovinyl functional group with respect to the squarate core and
the phenyl ring of the N, N-dibutyl-aniline in 6a S, caused the significant geometric change during
excited state relaxation when mesomeric effects are maximized to form a near planar S, state (Table 4
and Figure 3). This is shown by the dihedral angle difference (0,, 0,, and 6y, Supporting Information
Table S2-S5) of the mentioned functional group in S, and S; state. Despite the planarity of the =
conjugated ring system in both 3a Sy and S; state (A6,), the significant Stokes shift is caused by the
steric interaction between the N,N-dibutyl-amine functional group and the phenyl ring (A6, A8,,).
This impedes the mesomeric interaction of the amine with the phenyl ring and the m conjugated
system in the ground state, preventing the amine from achieving a planar geometry. Both 6b and 6c¢ S,
and S; states have near planar geometries which do not experience much geometrical changes during

excitation (Table 4) as shown in the small Stokes shift in Table 3.
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Table 3. TDDFT results for squarine dyes 3a, 6a, 6b and 6¢ in DMSO, MeOH, CHCI; and Hexane.

CAM-B3LYP /6-311+G(d,p) was used for TDDFT calculations using ®B97x-D/6-31G(d) structures.

PCM solvation was included in all calculations. The reorganization energies are given in kJmol’

Dyes Solvent Amax Aem  Akgy Ale, AE _fleorg

3a DMSO 519 582 63 65 13
MeOH 515 575 60 61 12

CHCl; 536 585 49 38 10
Hexane 546 585 40 15 7.4

6a DMSO 528 606 78 90 16
MeOH 525 600 75 80 15

CHCl; 557 617 60 67 12
Hexane 580 631 51 26 9.3

6b DMSO 578 616 38 32 6.1
MeOH 574 609 35 31 59

CHCl; 594 628 34 26 5.6
Hexane 605 628 33 10 5.5

6¢ DMSO 599 634 35 27 53
MeOH 593 626 33 25 53
CHCl; 615 648 33 28 5.1
Hexane 627 640 13 16 53
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Cave et al.”® demonstrated that reorganization energy (Eq.1) of the ground and excited state can be
used as a qualitative relationship between the geometrical and energetic changes. From Table 3, the
trend of the increasing Stokes shift with the corresponding increase in reorganization energy of the S,
state correlates with the respective magnitude of the geometrical change in Table 4.

The reorganization energy of the S state is given by the equation

AEG™ = Eg; (Xs0) — Es1(Xs1) (1)

where Xgo and X5 represent the equilibrium geometries for the Sy and S states, respectively while
Es1(Xso) and Es;(Xs;) is defined as the energies for the S, state calculated at Xy, (absorption) and

Xs1,(fluorescent) process respectively.

To account for the difference in steric repulsion experience by the S, and S; state, the NCI analysis®’is
employed. The NCI index is based on a 2D plot of the reduced density gradient, s, and the electron
density, p. The reduced density gradient, s, is derived from the electron density (p) of a system and its

first derivative (Eq. 2).

1 1Vp|
s = T (2)
2(3m2)3 p3

To differentiate between attractive and repulsive non-covalent interactions, the sign of the Laplacian
of the density, V’p is used. The Laplacian is decomposed into a sum of contributions along the three
principal axes of maximal variation. These components are the three eigenvalues A; of the electron-
density Hessian (second derivative) matrix, such that V2 p =M+ 20+, (<A <A). The second
eigenvalue A, is used to differentiate the attractiveness or repulsiveness of an interaction. A positive
sign A, > 0 (red isosurface) signifies steric repulsion while a negative sign A, < 0, (green to beige
isosurface) shows attractive non-covalent interactions such as Van der Waals or C-H-O interaction.
This popular non covalent interaction evaluation method has been applied to both chemical and bio-

system to analyse the essential intra and intermolecular interaction features.

Page 14 of 23



Page 15 of 23

RSC Advances

The excited states of both 6a (Figure 3) and 3a (Supporting information Figure S6) experiences higher
steric interactions compared to its ground state as there is an observed increase in the red isosurface.
This is a result of the hierarchical change of resonance interaction overriding the steric interactions in
the excited state for both 3a and 6a, generating a more planar structure that experience more steric
repulsion but maximizes the mesomeric effect. The higher geometric change in 6a.

An index described by Guido and coworkers, Ar*’ was introduced to characterize the amount of
spatial rearrangement when the exchange correlation functional is inadequate to describe the charge
transfer excitation. This is an issue for Tozer et al. A diagnostic index which in some cases is unable
to differentiate the magnitude of short range charge transfer or local excitation. The hole—particle pair
interactions using Ar is related to the average distance covered during the excitations correlated to the

function of the excitation coefficients.

_ ZiaKhl@alrled)—(@ilrleq
or = Settey e ®
where
Kia = Xia + Yia (4)

The composition of X;, (excitation coefficient) and Y;, (de-excitation coefficient) is made up of the
molecular orbital overlap between the occupied orbitals ¢; and the virtual orbitals ¢, involved in the
electronic transition.The Ar distance is related to the nature of the transition where the valence
excitations and LE are characterized by short distances, while larger distances are associated with
charge transfer excitation.

The Ar trend observed in Table 4 sees a higher CT characteristic in the excitation for both 3a and 6a
with a larger Ar. This is consistent with the more significant geometrical change between the S, and S,
in addition to the higher planarity of the excited structure where the optimized mesomeric interaction
in S; will stabilize a more polarized moiety. The smaller Ar value for 6b and 6c show the strong LE
character of the excitation. The lack of NCI isosurface change between the Sy and S; state shows the

absence of competing mesomeric and steric induced geometrical change.
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Table 4. The geometric change reflected in the dihedral angle difference between the Sy and S,

state’s deviation from planarity (AO) for squarine dyes 3a, 6a, 6b and 6¢ in DMSO, MeOH, CHCl;

Page 16 of 23

and Hexane. CAM-B3LYP /6-311+G(d,p) was used for TDDFT calculations using ®B97x-D/6-
Dye Solvent Ar/AP AQ," ABy A6, A6, Abq A6,
3a DMSO 1.34 [3.13] 4.1 8.8 0.0 0.1 0.5 1.3
MeOH 1.35[3.03] 4.7 8.1 0.1 0.1 0.5 0.7
CHC, 1.51 [2.76] 3.1 7.9 0.1 0.1 0.4 0.5
n-Hexane 1.66 [2.40] 1.8 6.2 0.3 0.5 0.6 0.3
6a DMSO 1.33 [3.22] 2.6 7.1 14.5 5.3 3.2 0.3
MeOH 1.34 [3.21] 2.5 7.1 144 5.3 3.1 0.3
CHCl, 1.55[2.92] 4.8 3.2 6.5 3.9 0.8 0.3
n-Hexane 1.76 [2.61] 2.3 1.9 2.0 1.9 0.1 0.7
6b DMSO 0.63 [1.28] 0.2 - 2.8 0.3 0.6 1.6
MeOH 0.64 [1.25] 0.4 - 0.9 0.5 0.3 1.0
CHCI, 0.75[1.18] 0.2 - 0.6 0.3 0.5 0.7
n-Hexane 0.89[1.10] 0.2 - 0.1 0.3 0.5 0.4
6¢ DMSO 0.69 [0.92] 0.1 - 4.5 1.4 0.2 1.8
MeOH 0.71 [0.86] 0.1 - 1.5 1.3 0.1 1.8

.31G(d) structures. PCM solvation was included in all calculations.
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CHCL; 0.78 [0.85] 0.2 - 1.5 1.3 0.2

n-Hexane 0.90 [0.90] 0.2 - 1.5 1.3 0.8

[a] The value of Ar in parenthesis refers to that of the S, while the other value refers to that of the
excited state. [b] A0 is the dihedral angle between the Sy and S, state’s deviation from planarity. 0 is
calculated as the dihedral angle deviation from planarity where the values are taken form the modulus
the difference of dihedral angle from 180° or 0° (i.e. 180°-]x| if x > 90° or [x|-0 if x < =90°),
whichever is nearer to attaining a planar structure. The dihedral angles taken are shown in the figure
to the left and also listed by its atomic label below its value in Table S2. Only for 3a and 6a will ABa,

be applicable as it measures the dihedral angle of both t-butyl groups with respect to the phenyl ring.

1.4

0.9
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Figure 3. 6a Sy and S; RDG isosurface. Steric repulsion (red isosurface) between the N,N-butyl
groups with the phenyl ring is increased significantly in the excited state as mesomeric effects

override the steric influence.

The solvent effects are reflected in Table 3 where the decrease in the solvent polarity by comparing
DMSO to chloroform and to hexane results in the corresponding decrease in Stokes shift. This is
caused by the decreasing stabilization of a more polarized and planar geometry in the excited state.
This phenomenon is demonstrated in the increase of 0 (Supporting information, Table Sx) for all the
squarine dyes S; states in CHCI; and n-Hexane solvents where they are unable to attain the more
planar structure as achieved in the polar solvent DMSO. This result in a smaller geometric change

between the solvated and excited state (A, Table 4), hence a smaller Stokes shift (Table 3).

3. Conclusion
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To conclude, six asymmetric squaraines were synthesized in a multistep manner through two semi-
squaraine salts. Such an amenable strategy facilitates: (1) high value asymmetrical squaraines; (2)
independent structure optimization to tune absorption and emission wavelengths within range from
600 nm to 720 nm. The quantum yields of these dyes are comparable to commercial available cyanine
dyes. The unique large stokes shifts (up to 90 nm) are observed for this series of squaraines
(especially for 6a) which can offer direct applications in multichannel molecular imaging with a clear
and readable signal. TDDFT calculations indicate that the steric effect from N,N-dibutyl groups with
the phenyl ring and the dicyanovinyl group on the squarate core contributes to the large geometric
change, resulting in the large Stokes shift. All these findings help us to understand the relationships

between structures and physical properties of squaraines.

Computational Details

All TDDT calculations were run in Gaussian 09 Rev B.01 P! and molecular orbitals and electron

density analysis were computed with Multiwfn. ©2

Experimental Section

Materials and methods, details of synthesis and characterization of final compounds and all spectrums
of absorption and emission for these dyes have been listed in the supporting information.
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