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Abstract. The vibrational spectra of the protonated Schiff base of n-butylretinal (nSBR+) in dichloromethane are studied. The trifluoroacetic acid (TFA) is used for the protonation of the Schiff base of nbutylretinal (nSBR). Combining the two-dimensional correlation analysis of the experimental infrared
spectra with anharmonic frequency calculations it is shown that two types of ionic aggregates between
nSBR+ and the TFA counterion are formed.
The study suggests that the interaction between nSBR+ and the TFA counterion may be responsible for the
observed lost of photoselectivity in the trans-cis isomerization of the nSBR+ in solution. (doi: 10.5562/cca1826)
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INTRODUCTION
The photoinduced trans-cis isomerization of the protonated Schiff base of retinal, the photosensitive chromophore in retinal proteins, has been the subject of numerous experimental and theoretical investigations for
many years.1−16 In the protein environment the photoisomerization reaction takes place on the time scale of
≤ 400 fs,17 occurs selectively around the C13=C14 double
bond and leads to the 13-cis product with a quantum
yield of more than 60%.9 This high efficiency of photoisomerization is the key of the biological activity of
retinal proteins.13,18
In solution the photoselectivity is lost,19−21 but the
all-trans to 11-cis isomerization is the most efficient
reaction path. The reaction proceeds on the time scale of
picoseconds and the excited state lifetime has multiexponential decay pointing to multiple emitting species22.
Interestingly, the femtosecond fluorescence spectroscopy experiments of Zgrablić et al. have shown that the
excited state lifetime of the protonated n-butylamine
Schiff base of retinal (nSBR+) is almost unaffected by
the properties of the solvents.22 As the trifluoroacetic
acid (TFA) was used for protonation of the retinal
Schiff base this suggests that the formation of an ionic
complex between nSBR+ and the TFA counterion can

be responsible for the lost of photoselectivity in solution. Despite of the fundamental and technological relevance of the reaction, information on intermolecular
interactions between the chromophore, the counterion
and the solvent is relatively scarce.23−27 Thus the goal of
this investigation is to shade light on these interactions.
Vibrational spectroscopy is the method of choice
for investigating hydrogen bond interactions and structural changes.28−32 The formation of a hydrogen bond
induces couplings between normal modes of the monomers that leads to the characteristic broadening and
downshift of the hydrogen-donor stretching vibration.29,33 In the system at hand, however, the highly
informative ν(N−H+) stretching vibration expected in
the 2900–2800 cm−1 region is overlapped by solvent
absorption and the numerous CH stretching bands that
congest the spectrum. In order to assign the rather
complex spectrum arising from the binding of TFA to
nSBR, we use 2D IR correlation spectroscopy. Apart
from facilitating the assignment by spreading the spectrum in two dimensions, 2D IR correlation spectroscopy provides information on the order of the spectral
intensity changes taking place during a series of concentration measurement.34 Furthermore, to unravel the
intermolecular interactions involving nSBR+, we focus
on the less anharmonic δ(NH+) bending and ν(C=N+)
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stretching vibrations. The experiments of Zgrablić et
al.22 were performed in 3-5 fold excess of TFA. In
such circumstances one expects the formation of either
open or cyclic TFA dimers characterized by a broad
and downshifted ν(OH---O) stretching vibration.35 The
strength of the OH---O hydrogen bond between the two
TFA units will be affected by the assembly with
nSBR+.36 Hence the downshift of the ν(OH---O) stretching vibration of the TFA dimer is a marker for the
formation of a hydrogen bonded association with
nSBR+. In order to uncover these interactions it seems
desirable to support the experimental assignment by
quantum chemical calculations of anharmonic frequencies.37−39
The rest of the paper is organized as follows. In
the next section we outline the experimental and theoretical approach. In Section 3 the results are presented.
Specifically, a step by step comparison between experiment and theory that leads to identification of the
species present in the experiments will be presented.
The paper is concluded in Section 4.
EXPERIMENTAL AND THEORETICAL
METHODS
IR spectroscopy
The n-butylamine Schiff base (nSBR) was prepared as
described previously22 and dissolved in dichloromethane
(c(nSBR) = 1.06 mmol dm−3). Trifluoroacetic acid
(TFA) of spectrophotometric grade (> 99 % pure) was
used for protonation. In total 21 samples were prepared
in the concentration range c(TFA) = 0–2.03 mmol dm−3,
corresponding to c(TFA)/c(nSBR) molar ratio from 0 to
2. No self aggregation of the nSBR occurs in the concentration range chosen for the measurements.
The infrared spectra were obtained with the ABB
Bomem MB102 Fourier-transform infrared spectrometer with a DTGS detector and CsI optics. The transmission technique was used to record the spectra. Since the
model MB102 is a single-beam spectrometer, a background was taken before measuring each sample. The
use of CaF2 windows restricted the spectral range to
4000 – 1000 cm−1. Each spectrum represents an average
of 10 Fourier-transformed interferograms. The nominal
resolution was 2 cm−1, which gives a distance between
two points in the resulting spectrum ν = 0.97 cm−1.
The thickness of the transmission cells was determined
using dichloromethane as secondary standard for calibration.40
The spectrum of pure dichloromethane was subtracted from all spectra of solutions. The spectra were
normalized to the total concentration of nSBR and corrected for the baseline by subtraction of the line defined
by two utmost points in the considered spectral range.
Since hydrogen bonding often leads to inhomogeneous
Croat. Chem. Acta 84 (2011) 221.

line broadening the spectral features of interest were
fitted to the general Voigt line profile. The convolution
integral was computed by the IgorPro data analysis
program.41
Dynamic spectra, showing the intensity variations
at wavenumbers ν1 and ν2 as function of the concentration ratio c(TFA)/c(nSBR), were obtained by subtracting the first spectrum, i.e., the nSBR spectrum, from the
remaining 20 spectra of the nSBR + TFA series. The
intensity of the 2D correlation spectrum34
X  ν1 , ν2     ν1 , ν2   i   ν1 , ν2 

comprises a synchronous (ν1,ν2) and an asynchronous (ν1,ν2) component. The intensity of a synchronous 2D correlation peak (ν1,ν2) represents simultaneous or coincidental changes of two intensity variations measured at two wavenumbers ν1 and ν2. In contrast, the intensity of the asynchronous spectrum
(ν1,ν2) represents sequential or successive changes of
two intensity variations measured at the two wavenumbers ν1 and ν2. Consequently, the asynchronous
spectrum consists of cross peaks only and they appear
only if the intensities of the two spectral changes do
not coincide. The evolving factor analysis, used to
determine the number of interacting species in the
sample42 has been performed with the Specfit v.2.11
programme.43
Electronic structure and bound state computations
All quantum mechanical calculations have been performed with the Gaussian 09 suit of programs.44 Geometry optimizations and vibrational frequency calculations of nSBR and the complexes formed with one and
two TFA units were carried out with the hybrid B3LYP
density functional45 with the TZVP basis set.46 The
effect of the solvent, dichloromethane, has been taken
into account via the polarization continuum model as
implemented in Gaussian 09. The default value of the
dielectric constant of = 8.93 has been used. In other
words we have assumed that the solvent dynamics is
much slower than the investigated N−H and O−H bending and stretching motions.
In hydrogen-bonded systems the anharmonicity of
the bending vibrations is small and their frequencies are
upshifted with respect to the harmonic values. On the
contrary, the stretching vibrations are downshifted and
their harmonic frequencies are often scaled to easy the
comparison with experiment. Here we use a scaling
factor of 0.978 adequate for the B3LYP functional and a
basis set of triple zeta valence quality. However the
frequency of the hydrogen-donor stretching vibration is
significantly downshifted and anharmonic frequency
calculations are needed to simulate the spectra.33,38 The
size of the systems at hand encompassing up to 228
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normal modes precludes the calculation of the full dimensional anharmonic force field.
Hence we compute the anharmonic IR spectra of
the hydrogen-donor stretching vibration in reduced
dimensionality using the normal mode representation of
the Hamiltonian
H 
i

Pi 2
 V Q 
2mi

(1)

where Qi   Q is the set of normal modes that span the
potential energy surface (PES) and mi are the corresponding effective masses as given by Gaussian 09. The
remaining normal modes were kept frozen. In order to
identify the normal modes that couple strongly to the
hydrogen-donor stretching vibration we computed all
cubic and semidiagonal quartic force constants that
contain this mode. The anharmonic force constants Kijk
and Kijkl, with i denoting the hydrogen-donor stretch,
were determined numerically by calculating the first and
the second derivatives of analytical quadratic force
constants Kij, using the five-point difference procedure.47,48 One- to four-dimensional (1D-4D) calculations
were performed to obtain the anharmonic frequencies of
the normal modes of interest. The time-independent
Schrödinger equation was solved using the Fourier grid
Hamiltonian method,49,50 while the implicitly restarted
Lanczos method was used for the diagonalization of the
Hamiltonian matrix.51 The assignment of the eigenstates
of the 4D model Hamiltonian was performed by projection on the zero-order states of the uncoupled Hamiltonian.
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The evolving factor analysis was used to elucidate
the number of species present in the system. It was
found that three species define the system while all
other factors were under the level of experimental error
and thus represented noise. We assume that the first two
species are nSBR and [nSBR+ TFA−]. The existence of
the third species can be interpreted either as a dimer of
TFA or as [nSBR+ TFA−]TFA.
TFA dimers have a characteristic spectrum featuring a complex carbonyl absorption in the 1900–1700
cm−1 region and a broad absorption around 3100 cm−1,
assigned to the asymmetric ν(OH) of the 8-membered
carboxyl ring.35,54 Shipman et al.35 have recorded the
spectra of the TFA monomers and dimes in CCl4 and
assigned the higher frequency band at 1825 cm−1 to the
carboxyl stretching of the monomer, and the one at 1775
cm−1 to the carboxyl stretching of the dimer. We recorded the spectra of TFA in dichloromethane, in the concentration range 1–50 mmol dm−3 and compared them
to the ones observed for the TFA – nSBR system. For
TFA in dichloromethane the carboxyl stretching band
consists of two components, a strong band at 1804 cm−1,
and a weaker one at 1783 cm−1. On the contrary, in TFA

RESULTS AND DISCUSSION
In the following we denote the neutral form of the
Schiff base of n-butyl retinal by nSBR, while nSBR+
denotes its protonated form. The latter is often denoted
by PSBR in the literature. The nSBR molecule contains
a characteristic imine C=N group with a lone electron
pair located at the nitrogen, making it a strong organic
Schiff base with pK B  10.75 .52 The imine group acts
as the hydrogen bond accepting site. On the other hand,
TFA is a strong organic acid with pK A  0.52 (Ref. 53)
and its OH group serves as a proton donor.
Due to the relative strength of both acid and base,
it is expected that the hydrogen bonding interaction of
the acid – base pair, C=N---H−O, causes the protonation
of the N atom of nSBR through the equilibrium
 TFA - - - - nSBR 
TFA - - - nSBR 

(2)

giving rise to an ionic pair [nSBR+ TFA−]. The protonated form, nSBR+, is characterized by pK A  5.99 .

Figure 1. The minimum energy structure of [nSBR+ TFA−]
(a), the structure of a local minimum of [nSBR+ TFA−] E =
0.41 kcal/mol above in energy (b) and the minimum energy
structure of [nSBR+ TFA−]TFA (c) as computed at the
B3LYP/TZVP level.
Croat. Chem. Acta 84 (2011) 221.
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Figure 2. Infrared spectra of titration of nSBR with TFA in the 1900 – 1480 cm−1 region. The concentration range is 0 <
c(TFA)/c(nSBR) < 2. The strongest band at 1796 cm−1 corresponds to the highest ratio of c(TFA)/c(nSBR).

– nSBR the first band is observed at the same position
as a weak shoulder, whereas the second band is found at
1786 cm−1. The change in the relative intensity of the
two bands indicates a strong interaction of nSBR with
the TFA that modifies the monomer-dimer dynamics of
TFA in dichloromethane. To investigate these findings
in more detail we recorded the IR spectra of titration of
nSBR with TFA in the concentration range 0 <
c(TFA)/c(nSBR) < 2. Figure 2 reports the resulting
spectra. Focusing on the region between 1750 and 1810
cm−1 one readily observes a broad band with a strong
increase of intensity as a function of TFA concentration.
The gain in intensity is a characteristic feature of strongly downshifted OH stretching vibrations. Thus, in our
opinion, the carboxyl and hydroxyl stretching bands of
[nSBR+ TFA−]TFA overlap in the 1750−1810 cm−1
spectral region. We will shortly support this assignment
by multidimensional eigenstates calculation including
both, the C=O and O−H stretching vibrations.
The structures of both hydrogen bonded compounds, [nSBR+ TFA−] and [nSBR+ TFA−]TFA, as
computed on the B3LYP/TZVP level of theory are
shown in Figure 1. Because of the single hydrogen
bond, the [nSBR+ TFA−] complex is quite fluxional.55
As a matter of fact apart from the global minimum
shown in Figure 1a, a local minimum structure in which
the COO− group of TFA− is rotated by 180o toward the
n-butyl part of the molecule has been located0.41
kcal/mol above in energy (Figure 1b). In case of [nSBR+
TFA−]TFA, the second TFA molecule is bonded via
O−H---O=C type hydrogen bond to the TFA− counterion that directly interacts with the NH+ group of
nSBR+. At the B3LYP/TZVP level of calculation this
leads to the prolongation of the (N-O) distance form
2.73 Å in [nSBR+ TFA−] to 2.81 Å in [nSBR+
Croat. Chem. Acta 84 (2011) 221.

TFA−]TFA. In other words the formation of [nSBR+
TFA−]TFA weakens the N+−H---O hydrogen bond.
Let us recall that in the IR spectra, the formation
of [nSBR+ TFA−] should be reflected mainly in the
occurrences of the δ(NH+) bending at around 1550 cm−1
and of the shifted ν(C=N) stretching vibrations of
nSBR+ from 1680 cm−1 to 1650 cm−1. Namely, if protonation occurs, it gives rise to new normal modes due to
the formation of NH+ group, i.e. ν(NH+) and δ(NH+).
However, the ν(NH+) region is highly obscured by very
complex absorption in 3000–2700 cm−1 region and
cannot be used for the assignment. The formation of
[nSBR+ TFA−]TFA can be monitored through the
change in absorption of the ν(OH---O) stretching vibration.
Titration of nSBR with TFA
The 1D IR spectra of titration of nSBR with TFA in the
spectral range between 1900 and 1480 cm−1 are shown in
Figure 2. Three bands centered at around 1550, 1660 and
1790 cm−1 display a strong dependence of the intensity on
the TFA concentration. Although there is no solvent
absorption in the 1900–1480 cm−1 range, the richness of
spectral features makes it hard to resolve from onedimensional spectra. Thus the 2D correlation maps of
(ν1,ν2) and (ν1,ν2) shown in the left and right panels
of Figure 3, respectively, were used to facilitate the analysis. The synchronous spectrum of 0 < c(TFA)/c(nSBR)
< 2 (Figure 3, top, left) is dominated by three autopeaks
at 1551, 1658 and 1786 cm−1. To resolve the spectral
changes due to the formation of [nSBR+ TFA−] and
[nSBR+ TFA−]TFA, the 2D correlation maps for the
molar ratio 0 < c(TFA)/c(nSBR) < 1 and 1 <
c(TFA)/c(nSBR) < 2 are shown in the middle and bottom
panels of Figure 3, respectively. The positive sign of the
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Figure 3. 2D IR correlation maps for titration of nSBR with TFA: (a), (c) and (e) synchronous (ν1,ν2) maps; (b), (d) and (f)
asynchronous (ν1,ν2) maps; (a) and (b) 0 < c(TFA)/c(nSBR) < 2; (c) and (d) 0 < c(TFA)/c(nSBR) < 1; (e) and (f) 1 <
c(TFA)/c(nSBR) < 2.

cross peaks reflects the increase in intensity of the considered bands due to the aggregation of nSBR with TFA.
From the synchronous maps it is evident that the major

changes occur in the region around 1550 cm−1 and
1675 cm−1 due to the formation of [nSBR+ TFA−], while
the formation of [nSBR+ TFA−]TFA is reflected in the

Croat. Chem. Acta 84 (2011) 221.
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1652 cm−1 band and in the region around 1780 cm−1. In
the asynchronous maps for 0 < c(TFA)/c(nSBR) < 2,
two bands are found at 1550 cm−1 and three not well
resolved bands are found at 1780 cm−1.
(a) 1620–1550 cm−1 region
We first consider the region of absorption centered at
1550 cm−1 (Figure 2). This absorption is almost totally
absent in the spectrum of nSBR. For c(TFA)/c(nSBR) <
1 it shows a rapid increase of intensity, but for
c(TFA)/c(nSBR) > 1 the increase is slower. The 2D IR
asynchronous correlation shows that this region consists
of at least four bands, located at 1567, 1559, 1545 and
1533 cm−1 that are not well resolved in the 1D spectra.
All four bands are interpreted as the bending vibrations
of the NH+ oscillator due to the protonation of nSBR by
TFA in both [nSBR+ TFA−] and [nSBR+ TFA−]TFA.
This assignment is supported by B3LYP/TZVP calculation. The observed and computed frequencies are compared in Table 1. Two normal modes with large contribution of the NH+ bending vibration denoted, δ(NH+)
and δ(NH+) + δ(CH) are found for each conformer.
They are intercalated by the strong ν(C=C) skeletal
stretching vibration. It is apparent that the experimental
and theoretical assignments at 1563 cm−1 and 1608 cm−1
are reversed. In our opinion the disagreement can be
attributed to the coupling of normal modes and the intensity borrowing mechanism that cannot be accounted
for in the harmonic approximation. Moreover, the spectra shown in Figure 2 reveal that neither the position nor
the intensity of the band at 1608 cm−1 are sensitive to
the addition of TFA. Thus in agreement with Smith et
al.56 and the computed ν(C=C) frequency of nSBR we
assign the band to the stretching of the C=C bonds of
retinal.

this region contains the ν(C=N) and ν(C=N+) stretches
of nSBR and nSBR+, respectively. In the neutral nSBR
molecule, the ν(C=N) vibration is present as a weak
band at 1652 cm−1.56 This oscillator, being directly involved in hydrogen bonding with TFA and consequent
protonation, suffers changes in both c(TFA)/c(nSBR)
concentration regimes. As a matter of fact six distinct
bands are evident in the 2D correlation maps. For
c(TFA)/c(nSBR) < 1 a wide absorption consisting of at
least three components is centered at 1675 cm−1. Figure
4 shows that the absorption at 1674 cm−1 increases for
the ratio c(TFA)/c(nSBR) < 1, while the further addition
of TFA causes its decrease. The calculated ν(C=N+)
stretches of the two [nSBR+ TFA−] conformers are located at 1677 and 1679 cm−1. This indicates that the
formation of the N−H+ oscillator introduces considerable changes in the C=N oscillator. From Figure 3 is
evident that further addition of TFA (c(TFA)/c(nSBR) >
1) leads to the formation of a well defined band peaking
at 1656 cm−1. The intensity of this band, however,
remains constant (see Figure 4), implying that it is due
to the protonated form of nSBR+ and it is also assigned
to the ν(C=NH+) vibration in [nSBR+ TFA−]TFA. DFT
calculations show that the ν(C=NH+) stretch vibration
of [nSBR+ TFA−]TFA is located at 1658 cm−1, i.e.
closer to the ν(C=N) stretch in nSBR. Again, this conTable 1. Observed and calculated frequencies in the region
1500–1900 cm−1. The harmonic ν(C=NH+) stretching frequencies are scaled by 0.978. The ν(CO) and ν(OH---O) stretching
frequencies are computed by solving Eq. 1 for four coupled
normal modes
Obs.(a)

(b) 1700–1640 cm−1 region
Next we focus on the complex absorption envelope in
the 1700–1640 cm−1 region. According to Gilson et al.57

Figure 4. Intensity vs. c(TFA)/c(nSBR) ratio for the components of the 1720–1640 cm−1 absorption envelope.
Croat. Chem. Acta 84 (2011) 221.

(c)

Assignment
ν(OH---O) (c)

ν(CO) (c)

1805 w, sh

1801

1785 m
1771 w, sh

1750(c)

1674 w

1679(d)
1677(e)

νC(e)

1658 m

1660(c)

1608 s

1567(d)
1564(e)
1558(c)

 +)(c)
ν(C=NH


(b)

w, sh

1602(e)
1601(d)
1593(c)

δδC

1559(b) w, sh
1545 s
1533(b) w, sh

1536 (d)
1531(e)
1520(c)

δ(c,d,e)

1563

(a)

Calc.

ν(C=C) (c,d,e)




relative intensity of the bands: s – strong; m – medium; w –
weak; sh – shoulder;
(b)
bands resolved by 2D IR analysis;
(c)
[nSBR+ TFA−]TFA;
(d)
[nSBR+ TFA−] (lowest energy conformer);
(e)
[nSBR+ TFA−] (higher energy conformer, local minimum).
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Figure 5. Intensity vs. c(TFA)/c(nSBR) ratio for the bands (a) 1771 cm−1 ; (b) 1785 cm−1 and (c) 1805 cm−1 band, as obtained by
fitting the 1900 – 1720 cm−1 region to three Voigt profiles.

firms the weakening of the hydrogen bond in [nSBR+
TFA−]TFA.
In the [nSBR+ TFA−] the hydrogen-bonded TFA
molecule retains a relatively great freedom of rotation
around the O−H---N hydrogen bond as testified by the
existence of the two energetically close conformers
shown in Figure 1 and reflected in a wide and complex
absorption envelope of ν(C=NH+). However, for
c(TFA)/c(nSBR) > 1 the formation of the second hydro-

gen bond causes a decrease of the rotational degree of
freedom with a consequent fixed arrangement of the
compound. In other words the decrease of rotational
degrees of freedom makes the sample less heterogeneous.
(c) 1900–1720 cm−1 region
The formation of [nSBR+ TFA−]TFA is characterized by
strong changes of the absorption in the region between
Croat. Chem. Acta 84 (2011) 221.

228

N. Biliškov et al., Localization of the Counterion of the Protonated Schiff Base
Table 2. One-, three- and four-dimensional vibrational analysis of the νOH band of [nSBR+ TFA−]TFA calculated at the
B3LYP/TZVP level of theory
Dim.

1D

3D

3D

3D

3D

4D
Figure 6. Normal mode displacement vectors and harmonic
frequencies for the four modes which enter the 4D PES.

1787 and 1805 cm−1. The 2D IR correlation maps show
that this region consists of three bands. To obtain the
concentration-dependent intensity of each component,
the whole absorption is fitted to three Voigt profiles
centered at 1771, 1785 and 1805 cm−1. Figure 5 shows
the intensity of each component as function of
c(TFA)/c(nSBR) ratio. It is evident that for
c(TFA)/c(nSBR) < 1 the intensity is negligible, while
for c(TFA)/c(nSBR) > 1 it increases linearly. For
[nSBR+ TFA−]TFA, DFT calculations predict a harmonic ν(OH---O) frequency of 2214.5 cm−1, i.e. the harmonic frequency is upshifted by more than 400 cm−1 from
the center of the observed band. We also note that at the
B3LYP/TZVP level of theory the harmonic asymmetric
ν(OH---O) stretch vibration of the TFA dimer in dichloromethane is located at 3174 cm−1. Hence, to assign the
band at 1787–1805 cm−1 we need to compute the highly
Croat. Chem. Acta 84 (2011) 221.

Coordinate

Anharm.
frequency (cm−1)

δCOH

1354

νCO-

1661

νCO

1777

νOH

1847

δCOH

1355

νCO-

1656

νCO

1781

δCOH

1277

νCO-

1407

νOH

1792

δCOH

1346

νCO

1716

νOH

1839

νCO-

1274

νCO

1758

νOH

1808

δCOH

1196

νCO-

1386

νCO

1751

νOH

1801

anharmonic frequency of ν(OH---O)stretch vibration.39
The normal mode displacement vectors of ν(OH--O) (Q4) and the three modes that most strongly couple
to the ν(OH---O) stretch are shown in Figure 6 together
with the corresponding harmonic frequencies. The selected mode include the δ(OH) (Q1) bending vibration
and two C=O stretching vibrations denoted ν(CO−) (Q2)
and ν(CO) (Q3), respectively. As shown in Figure 6 both
C=O vibrations have large contributions from the hydrogen bond stretching. The 4D potential energy surface
was computed on a Q1×Q2×Q3×Q4 direct product grid
with size 9×9×9×21. For the grid dimensions we used:
−0.5 to 0.5 Å (Q1), −0.3 to 0.3 Å (Q2), −0.4 to 0.24 Å
(Q3) and −0.3 to 0.7 Å (Q4).
In the 1D case the potential has been interpolated
on 129 points, in the 3D case on a 31×31×31 grid, and
in the 4D case on a 21×21×21×21 grid. The results are
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Figure 7. 3D cut of the 4D model PES for the hydrogen bond dynamics in [nSBR+ TFA−]TFA. The 3D PES includes the δ(OH)
bending vibration (Q1), the C=O stretching vibration ν(CO−) (Q2) and the hydrogen bond stretching vibration ν(OH---O) (Q4). The
normal mode coordinates are in Å, the outermost energy contour is 3 eV and the contour spacing is 0.3 eV.

compiled in Table 2. It is apparent that already the 1D
potential ν(OH---O) accounts for most of the anharmonicities as the ν(OH---O) frequency is shifted to 1847
cm−1. The coupling to the selected modes leads to the
further downshift of the band. The high anharmonicity
of the interaction is visible in Figure 7 where the 3D
cut, V(Q1,Q2,Q4) of the 4D model PES is shown. The
ν(OH---O) frequencies computed for different 3D
normal modes potentials indicate that the ν(CO−) stretching vibration of TFA anion contributes to the strengthening of the hydrogen bond between the two TFA
units, while the ν(CO) vibration located on the TFA
molecule weakens the bond. The two effects are balanced in the 4D case. Taking into account the reduced
dimensionality of the PES, the computed ν(OH) frequency of 1801 cm−1 finds very good agreement with
the observed absorption band at 1787–1803 cm−1.
Furthermore, the calculation suggest to assign the
broad band with center at 1767 cm−1 to the ν(CO)
stretch of the second TFA molecule.
CONCLUSION
In the present study, we have investigated the vibrational spectra of the protonated Schiff base of retinal in
dichloromethane. The Schiff base was protonated by
trifluoroacetic acid in the 0 < c(TFA)/c(nSBR) < 2 con-

centration ratio. We have shown that in the concentration range c(TFA)/c(nSBR) < 1 an ionic pair [nSBR+
TFA−] between the protonated Schiff base and the TFA
counterion
is
formed.
By
increasing
the
c(TFA)/c(nSBR) molar ratio, an aggregation with two
hydrogen bonds, [nSBR+ TFA−]TFA, is formed. Taking
into account that the photochemistry of the nSBR+ in
various solvents is studied using a 3-5 fold excess of
TFA, [nSBR+ TFA−]TFA should be the dominant photoactive species.
The unequivocal formation of the [nSBR+
−
TFA ]TFA supports a view that electrostatic interactions with the corresponding counterion should play an
important role in the photochemistry of nSBR+ in solution. It remains to be checked in what extent the ultrafast dynamics and photoisomerization efficiency
changes when the c(TFA)/c(nSBR) concentration is
exactly 1 and, thus, the formation of the [nSBR+
TFA−]TFA complex is avoided.
From the methodological side we have shown that
2D correlation vibrational spectroscopy in combination
with multidimensional quantum calculations is a powerful tool for studding complex hydrogen bonding interactions in solution.
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