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ABSTRACT: The conformational analysis of a 2,4-bis(4-dialkylamino-2-
amido)phenyl squaraine dye revealed the presence of two rotational isomers
at room temperature. Combination of spectroscopic and computational
techniques showed that the rotational barrier is influenced by hydrogen
bonds between the amido substituents and the oxygen atoms at the quadratic
core. Even small amounts of trifluoroacetic acid interfered with the
intramolecular hydrogen bond formation and accelerated the interconversion
of the conformers.

Squaraine dyes attract increasing attention owing to their
optoelectronic applications in (bio)labeling,1−3 photo-

dynamic therapy,4 organic photodiodes,5,6 and dye-sensi-
tized7−10 and organic bulk heterojunction solar cells.11,12 The
broad applicability of the dyes is due to their high absorbance
of visible light.13,14 This absorbance stems from the intra-
molecular charge transfer between the electron-poor quadratic
core and the electron-rich aryl groups.14 Thus, the optical
properties of squaraine dyes can be tuned via the substituents
on the aryl groups.
Recently, our group has reported on the aggregation

behavior of chiral and achiral amide substituted squaraine
dyes and their application in organic spintronics.15 These dyes
contain amide substituents in the ortho position of the aryl
group to modulate the optoelectronic properties. Yet, ortho
substituents may restrict the rotation about the aryl−squaraine
bond,16−21 which potentially influences the material properties
of squaraine dyes. The group of Kazmaier et al.17 reported on
rotational isomers of a squaraine derivative with 2-hydroxy-
phenyl groups capable of forming intramolecular hydrogen
bonds.17 We envisioned that the 2-amidophenyl groups in our
dyes are also capable of intramolecular hydrogen bonds,
thereby leading to a hindered rotation (Scheme 1).

Herein, we study the rotational isomerization of squaraine
dye 1 bearing 2-amidophenyl substituents (Scheme 1). Using
combined Fourier transform-infrared (FT-IR), 1H and
13C{1H} nuclear magnetic resonance (NMR) spectroscopic,
and computational analyses, we show that intramolecular
hydrogen bond formation results in two slowly interconverting
rotational isomers with a fully planar squaraine backbone.
In one conformer, the amido substituents are located on

opposite sides of the molecule (anti) and in the other on the
same side (syn). Titration experiments revealed that the
interconversion of the conformers is accelerated in the
presence of trifluoroacetic acid.
We started our study by performing an FT-IR spectroscopic

analysis to probe the presence of hydrogen bonds in the amide
substituted squaraine dye 1. FT-IR spectra of 1 were recorded
in bulk and in chloroform (c = 4 mM) where 1 is molecularly
dissolved.15 Both spectra showed absorption bands at ∼3140
cm−1 and ∼3100 cm−1 which were attributed to the NH
stretching vibration (Figure S1). These bands occur at similar
wavenumbers in bulk and in the molecularly dissolved state,
indicating that the amide groups of 1 are engaged in the
formation of intramolecular hydrogen bonds.22

To obtain insights into the nature of the hydrogen bonds, we
analyzed the conformation of the squaraine dye computation-
ally. To reduce computational costs, we computed the
structure of the homologue 1′ that contains methyl instead
of heptyl moieties on the amide groups. We performed a
conformational search using the program Macromodel23 with
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Scheme 1. Proposed Conformers of 1, R = n-Heptyl
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the OPLS3 force field24 and a solvent model for chloro-
form.25,26 The geometries of the obtained low energy
structures were optimized by density functional theory
calculations on the B3LYP-D3/6-31G** level.27−30 The
calculations yielded two planar low energy structures (Scheme
2) that suggest complete conjugation of the π-system, which is

in good agreement with the UV/vis absorption properties of
1.15 In both structures, the amide groups form intramolecular
hydrogen bonds to the oxo-substituents of the quadratic core.
Yet, the structures differ in the relative orientations of the
amido substituents. In the lowest energy structure, each amide
group is hydrogen bonded to a different oxo-substituent of the
quadratic core (“anti-conformer”). In contrast, both amido
substituents of the second conformer are bonded to the same
oxo-substituent (“syn-conformer”). The energies of the two
conformers differ by only 2.9 kJ/mol, which is similar to the
previously reported value for the hydroxy-derivative.17

Next, we studied the transition state between the two
conformers to determine the activation energy for the rotation
about the C(sp2)−C(sp2) bond. Using the transition state
locator of the program Jaguar, a transition state with a torsion
angle of −93° (C(1)−C(2)−C(3)−C(8)) was identified
(Scheme 2). This conformer is 100 kJ/mol higher in energy
compared to the anti-conformer which indicates that both
conformers should be observable via e.g. NMR spectroscopy at
room temperature.
Encouraged by the computational analysis, we studied 1 in

CDCl3 solution by 1H and 13C{1H} NMR spectroscopy
(Figure 1; the full spectra with assignment of all signals are
depicted in Figure S2 and Table S1). Gratifyingly, both spectra
showed the presence of two spin systems in a ratio of
1.00:0.64. The 13C{1H} NMR spectrum was used to assign the
two spin systems to the syn- and anti-conformer. The quadratic
core of the major conformer showed one signal for C(1), and
that of the minor conformer, two signals. Thus, we attribute
the C2h symmetric anti-conformer to the major, and the C2v
symmetric syn-conformer to the minor conformer of 1. This is
in good agreement with the computational analysis that
predicted the anti-conformer to be more stable than the syn-
conformer.
The activation energy barriers for the interconversion of the

two rotamers were subsequently studied by 1H NMR
spectroscopy by following the chemical shifts of the protons
in a variable temperature (VT) experiment. The signals that
were assigned to N−H, H(4) and H(5) of the two conformers,
were fully separated at room temperature and started to
partially overlap at 50 °C (Figure S7). Unfortunately, no full

coalescence was observed until 61 °C, the boiling point of
CDCl3. We reasoned that the rotation about the C(2)−C(3)
bond was still hindered at this elevated temperature due to the
intramolecular hydrogen bonds. To study the NMR spectrum
of 1 at higher temperatures, we replaced CDCl3 by higher
boiling 1,1,2,2-tetrachloroethane-d2 (C2D2Cl4). Interestingly,
the preference for the anti-conformer observed in CDCl3
changed to a preference for the syn-conformer in C2D2Cl4
with a change in anti/syn ratio from 1.00:0.64 (CDCl3) to
0.70:1.00 (C2D2Cl4). We attribute this reversal of conformer
stability to small enthalpic and entropic changes in the
solvation.31 The coalescence of the two spin systems in
C2D2Cl4 was reached at 64 °C (Figure S8).
A common approximation for the analysis of the line

broadening to determine the free energy of activation of
rotamers is given by Eyring’s equations as modified by Shanan-
Atidi (for details see Supporting Information).32−35 The
calculation yielded an activation energy barrier ΔGanti

‡

(between anti-conformer and the transition state) of 73 ± 1
kJ/mol and ΔGsyn

‡ 75 ± 1 kJ/mol (between syn-conformer and
the transition state).
If the comparatively high activation energy is due to the

formation of the intramolecular hydrogen bonds, we reasoned,
that addition of a hydrogen-bond breaking additive such as
trifluoroacetic acid (TFA) would lower the barrier between the
two conformers. The 1H NMR spectra of 1 in CDCl3 indeed
change upon addition of 0.01, 0.05, 0.07, and 0.10 vol % TFA-
d1 (Figure 2; full spectra in Figure S9). The spectrum of 1 in
the presence of 0.01 vol % TFA-d1 exhibited spectral
broadening of the signals suggesting a reduced coalescence
temperature. This effect was more pronounced for higher
amounts of TFA-d1 (0.03 vol %, 0.05 vol %). Full coalescence
was observed when 0.10 vol % TFA-d1 was added, which
suggested a coalescence temperature of equal or below room
temperature.
The same trend is also reflected in the corresponding

activation energies: ΔGsyn
‡ /ΔGanti

‡ decreases from >70/>72 kJ/
mol (0.01 vol % TFA-d1, Tc > 50 °C; Figure S10), to 69 ± 1/
72 ± 1 kJ/mol (0.05 vol % TFA-d1, Tc = 45 °C; Figure S11)
and 67 ± 1/69 ± 1 kJ/mol (0.07 vol % TFA-d1, Tc = 35 °C;
Figure S12). The lowest activation energies were observed for

Scheme 2. Computational Analysis of anti- and syn-
Conformer As Well As the Transition State of the
Isomerization of 1′ in CHCl3

Figure 1. (a) 1H NMR (400 MHz) and (b) 13C{1H} spectrum
recorded at room temperature in CDCl3 (100 MHz).
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at 0.10 vol % TFA-d1 with <64/<67 kJ/mol (0.10 vol % TFA-
d1, Tc < 25 °C).
In conclusion, conformational analysis of the amide

substituted squaraine dye 1 showed the presence of a syn-
and anti-conformer stabilized by intramolecular hydrogen
bonds. The two conformers differ in the orientation of the
amido substituents that are located either on opposite sides of
the molecule (anti) or on the same side (syn). Already small
amounts of TFA-d1 disrupt the intramolecular hydrogen bonds
and accelerate the conformer interconversion. Hence, minute
quantities of TFA can prevent the formation of e.g. kinetically
trapped conformers that might lead to pathway complexity
resulting in unexpected or irreproducible properties of
supramolecular systems.

■ EXPERIMENTAL SECTION
Materials and Methods. The synthesis of 1 was performed

according to literature procedure.15
1H, 13C{1H} and 2D NMR Spectra. A Varian Mercury Vx 400

MHz was utilized to record 1H, 13C{1H} and 2D NMR spectra.
Deuterated solvents were purchased from Cambridge Isotope
Laboratories and are indicated for each measurement. Chemical
shifts (δ) are expressed in ppm, and are referred to the residual peak
of the solvent.
FT-IR Spectra. A PerkinElmer Spectrum One spectrometer was

used to record FT-IR spectra. The investigated solutions were
prepared by weighing the required amount of compound and
transferring it into a screw-capped vial. The desired concentration
(4 mM) was adjusted by the addition of the chosen solvent by using
Gilson MICROMAN Positive-Displacement Pipets. The samples
were heated and sonicated until homogeneous solutions were
obtained. The measurements were performed in a fluorine doped
tin oxide coated glass slide cuvette (100 mm × 100 mm × 2.3 mm,
surface resistivity 7 W/sq, 32 scans).
Computational Analyses. Computational analyses were per-

formed on a derivative of 1 with two acetamide substituents 1′ to

reduce computational cost. Conformational searches (5.000 steps)
were performed using MacroModel 11.0 with the OPLS3 force field
in CDCl3 and a cutoff of 21 kJ/mol. The search provided two
conformers (syn and anti). The geometry was optimized using Jaguar
at the B3-LYP-D3/6-31G** level of theory. Both structures show no
imaginary frequency (Total free energies (vacuum): syn-conformer =
−1450.240173 au, anti-conformer = −1450.241602 au). Optimization
with solvation corrections was performed on gas-phase geometries
using a PBF implicit solvent model for CHCl3. The population of the
structures was calculated according to the Boltzmann distribution.
The transitions state was located using the transition state search
module of Jaguar using both conformers (syn and anti) as reference
points for a search along the lowest Hessian eigenvector at the B3-
LYP-D3/6-31G** level of theory. One imaginary frequency was
observed (Total free energy (vacuum): −1450.201998 au; imaginary
frequency: −13.8 cm−1). Optimization with solvation corrections was
performed on gas-phase geometries using a PBF implicit solvent
model for CHCl3.
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Figure 2. 1H NMR spectrum (400 MHz) of 1 in CDCl3 (c = 6.6
mM) at room temperature upon addition of 0.01−0.10 vol % TFA-d1.
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