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The asymmetric stretching vibration of the amphiphilic trifluoroacetate ion and its 13Cv

16O
isotopologue in D2O were investigated with infrared spectroscopy �FTIR�, ultrafast infrared pump
probe, and two dimensional vibrational photon echo techniques and simulations. Trifluoroacetate
ions have a nonexponential depopulation of the first vibrational excited state, which is well
described by a kinetic mechanism involving a temperature dependent solvent assisted relaxation to
the symmetric stretch mode. The vibrational spectrum of the asymmetric stretch of the 13Cv

16O
isotopologue presents an unusual spectral shape. The frequency-frequency autocorrelation function
shows a static term not present in the 13Cv

16O form, which is caused by an accidental degeneracy
with a combinational mode. A newly developed frequency map for carboxylate is used to
characterize the processes and dynamics observed in the frequency fluctuations of the carboxylate
asymmetric stretch mode in aqueous solution. An assignment of the molecular processes that govern
the frequency fluctuations is suggested from an analysis of the solvation shell configurations
obtained from molecular dynamics simulations. © 2010 American Institute of Physics.
�doi:10.1063/1.3285265�

I. INTRODUCTION

Ions in aqueous environments play a major role in the
structure and function of many biomolecules. Since ions are
charged entities, water binds strongly to them affecting their
own and the solute’s vibrational dynamics. Many previous
studies have addressed the solvent-solute interaction through
the vibrational dynamics of aqueous ions. In these studies,
the investigated ions range from small and simple such as
cyanide, azide, etc., to large and complex such as trimethyl-
amine N-oxide, guanidinium, etc.1–4 The results of these
studies show that regardless of the size and complexity, ions
often have vibrational energy relaxation occurring on pico-
second and/or femtosecond time scale. The observed charac-
teristic times have been attributed to the coupling of the sys-
tem with the solvent in small ions, and/or to the solvent
induced vibrational coupling with internal modes in large
ones. The evidence of the involvement of solvent modes has
been obtained from the lifetime dependence on the isotope
composition of the solvent.1 In addition, all the ions, in par-
ticular those exhibiting an important intramolecular vibra-
tional coupling, display exponential decay of the population
of the first vibrational excited state.

Also many studies have used these ions as a means for
studying the dynamics of the surrounding water structure.3,5,6

Among the various results for small ions, it has been sug-
gested that water has different dynamics depending on
whether it belongs or not to the solute solvation shell.6 In
particular, it has been observed that the reorientation of water
is significantly slowed when the molecule is located in the
vicinity of hydrophobic groups of amphiphilic ions.3 This
effect has been attributed to an icelike water structure or
iceberg model,7 whereas NMR experiments8 and molecular

dynamics �MD� simulation results9 attribute such changes to
slower hydrogen bond exchange. Thus, it is important to in-
vestigate properties of new amphiphilic systems.

Trifluoroacetate �TFA�, CF3CO2
− is a small molecule-ion

where the polar carboxylate and nonpolar trifluoromethyl
spheres of influence on the aqueous solvent are spaced
within a few angstroms and essentially overlapping. There-
fore the balance between the water structures in the hydro-
philic and hydrophobic regions must be a crucial component
of the solvent structural dynamics. On the one hand the
uCF3 group is repelling water molecules and perhaps initi-
ating formation of an “iceberg” state,7 whereas the uCO2

−

group is strongly associating with water molecules that are in
the same solvation shell. This amphiphilic property, acting
over such small length scales, presents new questions regard-
ing the water dynamical properties that might prevail in such
situations.

The study of TFA presented here uses both pump probe
and two dimensional �2D� vibrational echo spectroscopy of
the carboxylate group vibrations, which act as sensors of the
local water structure and its motions on ultrafast time scales.
In contrast to other techniques, the infrared ultrafast spec-
troscopies allow one to distinguish between the dynamics of
the solvation shell and the bulk liquid. This advantage added
to their subpicosecond time resolution makes IR ultrafast
spectroscopies very useful tools with which to elucidate the
dynamics and mechanism of processes occurring in aqueous
media.

Vibrational echo spectroscopy has been successfully
used to model structure and dynamics of many ions in
solution.1,5,6 One important property extracted from 2D vi-
brational echo measurements is the autocorrelation function
of the frequency fluctuations.10,11 These fluctuations are di-
rectly correlated to the change of the gap between vibrationala�Electronic mail: hochstra@sas.upenn.edu.

THE JOURNAL OF CHEMICAL PHYSICS 132, 044501 �2010�

0021-9606/2010/132�4�/044501/10/$30.00 © 2010 American Institute of Physics132, 044501-1

http://dx.doi.org/10.1063/1.3285265
http://dx.doi.org/10.1063/1.3285265


levels induced by the environment of the vibrator. However,
the assignment of the characteristic times of the frequency
fluctuations to specific molecular process remains as a chal-
lenging task. To achieve this goal, vibrational echo studies
have been complemented by simulations. For some vibrators,
such as amide CvO and water OuH, it has been shown
that the shift in frequency is closely correlated with the elec-
trostatic fields and field gradients created at the vibrating
bonds by the fluctuating charges of the surrounding solvent
molecules.12–14 Furthermore these electrostatic fields have
provided a good description of the autocorrelation function
of the frequency fluctuations observed experimentally. Sev-
eral models have been used to link the vibrational parameters
to their corresponding fluctuations. In all approaches the
electrostatic potential is sampled in the neighborhood of the
atoms involved in the vibrational mode. A number of these
parametrization schemes have been employed for describing
the amide-I mode,14 OH and OD stretch mode,12 nitriles,15

and lately have been extended to the symmetric and asym-
metric stretch of carboxylate.16 Of great importance to the
present work on TFA is the new electrostatic map developed
for the acetic acid/acetate vibrational transitions16 which as
shown in the next sections will provide sufficient insights to
correlate the frequency fluctuations to microscopic pro-
cesses.

In this article, we present the results on vibrational dy-
namics of TFA and its isotopologue �CF3

13CO2
−�. Ultrafast

pump-probe spectroscopy is used to obtain the vibrational
population relaxation in the asymmetric stretch region of the
carboxylate and vibrational photon echo spectroscopy to
study solvation shell dynamics. All these experiments
are used in conjunction with a frequency map and MD simu-
lation to model the population and hydration dynamics of
TFA.

II. MATERIALS AND METHODS

A. Sample preparation

Sodium trifluoroacetate �TFA-C12, CF3COONa, �99%�
and its isotopologue �TFA-C13, CF3

13COONa, 99 atom %
13C� were obtained from Sigma Aldrich and deuterium oxide
�D2O, 100.0 atom % D� from Acros Organics. All chemicals
were used without further purification. The solutes were dis-
solved in D2O to obtain a concentration of 0.125M. Unless
noted otherwise, all the samples were measured at room tem-
perature �20 °C�.

B. Linear IR spectroscopy

The FTIR absorption spectra were acquired with a
Thermo Nicolet 6700 spectrometer having 0.5 cm−1 reso-
lution in sample cells with CaF2 windows and a 6 �m path
length.

C. Two dimensional IR spectroscopy

The 2D IR spectra were obtained using heterodyned
spectral interferometry with an ultrafast laser system and
processing techniques that have been described previously.17

In brief, Fourier transform limited pulses of 75 fs duration

with either a 1625 or 1675 cm−1 central frequency are gen-
erated in a home made OPA and a difference frequency gen-
erator. The IR beam is split into three replicas �wave vectors:
k1, k2, and k3�, which are focused at the sample using the
box configuration geometry. The interaction of the sample
with these 400 nJ pulses produces photon echo signal in the
−k1+k2+k3 phase matching direction, which is heterodyned
with a local oscillator pulse �LO�. All 2D spectra were ac-
quired with pulses having parallel polarization. The signal
and LO are dispersed by a monochromator �50 grooves/mm�
and the heterodyned signal is detected with a 64 element
HgCdTe array detector. Two sequences of pulse were used in
the experiment. One sequence has the pulse with the
wavevector k1 arriving before that with wavevector k2 which
gives the rephasing spectrum. The other sequence has k2

arriving before k1, and corresponds to the nonrephasing
spectrum. The coherence time interval � between k1 and k2

for both sequences was scanned with a 2 fs step. The time
dependence of the signal with the population time T, the time
interval between second and third pulses, was produced by
scanning the third pulse k3 with 150 fs steps from 0 to 1.5 ps.
The LO always preceded the signal by �1.0 ps.

To obtain the 2D spectrum, the echo signal is trans-
formed into the frequency domain by a double Fourier trans-
form on the third dimension t, the detection time, followed
by Fourier transformation on �. The detailed explanation of
this analysis has been described elsewhere.17

D. Pump-probe spectroscopy

The ultrafast laser system used for this experiment has
been previously described.4,6 In summary, an ultrafast mid-
infrared pulse is obtained from a home made optical para-
metric amplifier pumped with a commercial femtosecond re-
generative amplifier �Spitfire, Spectra Physics�. This source
delivers nearly transform limited pulses ��75 fs duration,
250 cm−1 full width at half maximum �FWHM�� centered at
�6 �m with energies of 2.4 �J. The output is split into
pump and probe pulses. The pump energy at the sample was
�500 nJ and the probe was attenuated to an energy of less
than 50 nJ. These pulses are focused with a parabolic mirror
to a spot size of less than 200 �m in the sample. After the
sample, the probe beam is recollimated, focused on the slit of
a spectrometer, and spectrally resolved with a 100
grooves/mm grating onto a 32 element HgCdTe array detec-
tor. The pump-probe pulse delay was adjusted with a com-
puter controlled translation stage. To measure the population
lifetimes, the probe polarization was set to 54.7° with respect
to the pump. The transition dipole moment reorientation was
obtained with the probe polarization set at 45° with respect
to the pump before the sample, while a second polarizer
selected either parallel or perpendicular polarization before
the detector.

E. Theoretical methods

The MD simulations were performed using the NAMD 2.6

program package,18 with periodic boundary conditions and a
2 fs time step. The force field utilized was CHARMM27.
The TFA force field was parametrized according to Schroder
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et al.19 The remaining simulation parameters were the same
as those used in simulations of the acetate ion.16 The simu-
lation was initiated using the geometry for TFA obtained
from the 1ELC structure.20 The TFA ion was embedded in 20
Å box containing �300 waters. After a 1 ns energy minimi-
zation and a 5 ns equilibration using normal pressure and
temperature ensemble at 298 K, a normal volume and tem-
perature simulation was performed with snapshots recorded
every 20 fs for 120 ps.

Density functional theory �DFT� calculations were
performed at the B3LYP/aug-cc-pVDZ level using the
GAUSSIAN 03 software package.21

F. Theoretical frequency-frequency correlation
function

We used a recently developed DFT map for the acetate
ion to simulate the frequency fluctuations of the carboxylate
asymmetric stretching mode of CF3CO2

− in water.16 A reason-
able approximation of the frequency fluctuations for TFA is
expected when using the DFT map designed for the acetate,
as both ions only displace the three atoms of the carboxylate
in the asymmetric stretch mode,22 and their Mulliken charges
and intermolecular carboxylate oxygen to water oxygen dis-
tances in water clusters do not differ significantly.23

DFT maps link the solvent structural fluctuations to the
molecular Hamiltonian. The link is expressed by parametriz-
ing the Hamiltonian in terms of an applied electrostatic field
�E�r��. This electric field is assumed to arise exclusively
from the atomic charges of the solvent molecules surround-
ing the atoms involved in the vibrational mode. The fre-
quency of the mode is computed as

�10�E�r�� = �10 + �
ij

CijEi�rj� , �1�

where �10 is the vibrational frequency in the gas phase
�1717 cm−1�, Ei is the electrostatic field or its first or second
derivative, Cij are the electrostatic parameters obtained from
the map, i is the direction of the field or the derivative, and j
is the atom at which the parametrization is calculated. In the
carboxylate case, i can be x, y, z, xx, xxx, etc. and j can be
any of the atoms involved in the asymmetric stretch mode,
i.e., C, O1, or O2.16 The net effect of the field terms in Eq. �1�

is to reduce the frequency of the mode when the ion is sol-
vated. A frequency redshift is also observed when the asym-
metric stretch mode is computed for TFA that is hydrogen
bonded to one water molecule, using the DFT method de-
scribed earlier.

The frequency-frequency correlation function �FFCF�
was simulated as the autocorrelation of the frequency fluc-
tuation predicted by the electric field parametrization for
each water structure of each snapshot of the MD simulation,

FFCF = ���A�t1���A�t2�� = ���A�t���A�0�� . �2�

In Eq. �2�, ��A�t1� and ��A�t2� are the solvent induced
fluctuations in the frequency of the carboxylate asym-
metric stretch at trajectory times t1 and t2, and the brackets
indicate an average over the trajectory of the simulation with
t= t1− t2.

In this study, the frequency fluctuation and its corre-
sponding normalized autocorrelation function were calcu-
lated using the trajectory of the MD simulation.

III. EXPERIMENTAL RESULTS

A. Linear IR spectra

The infrared spectroscopy of the TFA has been studied
previously by many groups.24,25 It is well known that trifluo-
roacetatic acid is a strong acid with a pKa of 1.26 The FTIR
spectrum of its TFA anion in pure D2O at frequencies higher
than 1250 cm−1 shows only the carboxylate asymmetric and
symmetric stretch transitions, which are located at 1673 and
1437 cm−1, respectively.25 The TFA-C13 also has two car-
boxylate stretching modes shifted to 1625 and 1410 cm−1.
Figure 1 shows the asymmetric stretch transitions for both
isotopologues with solvent D2O background and the natu-
rally abundant 13Cv

16O signal subtracted for TFA-C12. The
integrated absorption cross section was concentration inde-
pendent below 0.5M. The TFA-C12 and TFA-C13 have dif-
ferent spectral shapes and widths, but we found that they
have equal integrated absorption cross sections.

The TFA-C12 transition has a Lorentzian shape with a
FWHM of 16.9 cm−1, while the TFA-C13 shows a slightly
asymmetric Gaussian shape with a FWHM of 24.8 cm−1.
The IR spectrum of TFA-C13 can also be fit by two Lorent-
zian peaks each with a FWHM of 18.8 cm−1, and center
frequencies of 1623 and 1633 cm−1, and different cross sec-
tions �Fig. 2�. The origin of this unusual band shape is ad-
dressed in the following sections.

B. Transient vibrational spectra

The spectral and temporal responses of TFA-C12 in D2O
following the excitation with an intense pulse centered at
1675 cm−1 are presented in Fig. 3�a�. A bleach and a photo-
induced absorption corresponding, respectively, to the v=0
to v=1 and the v=1 to v=2 transitions were observed �see
inset, Fig. 3�a��. The v=1 to v=2 transition is downshifted
by 15.8 cm−1 from the v=0 to v=1 transition because of the
oscillator anharmonicity. The temporal responses of the
photoinduced absorption as well as the ground state bleach
signals are not describable by single exponential processes,
but they were adequately modeled by the sums of two expo-

FIG. 1. Experimental linear IR spectra. TFA-C12 �solid line, lower scale�
and TFA-C13 �dashed line, upper scale� in D2O. Inset shows the symmetric
stretch band for both samples.
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nentials. The perturbed free induction decay,27 which deter-
mines the signal rise, was modeled by an exponential. The
signal rise and decay were convoluted with the instrument
response function to obtain the characteristic times of the
dynamics. The normalized amplitudes and time constants of
the transient signals corresponding to the new absorption are
summarized in Table I. The bleaching and the new absorp-
tion signals have almost identical decays of the anisotropy
within the signal to noise of our data. This orientational re-
laxation is well described by a single exponential function
with a decay time constant of ��=4.3�0.5 ps. The large
error reflects the very short population lifetime, which deter-
mines that the residual signal at ca. 4 ps is small and the
noise in the difference between the parallel and perpendicu-
lar signals �not shown� is large.

The transient vibrational spectra of TFA-C13 were also
obtained and analyzed �Fig. 3�b��. The fitted parameters
�summarized in Table I� reveal nonexponential behavior and
a fast rise time. Although the normalized exponential decay
amplitudes and rise times of TFA-C13 are significantly dif-
ferent from TFA-C12, the anisotropy decay shows essentially
identical dynamics for both isotopologues.

C. Transient vibrational spectra temperature
dependence

Pump-probe spectra of TFA-C12 were measured at dif-
ferent temperatures: 281, 293, and 323 K. At all the tempera-
tures the temporal responses of the photoinduced absorption
as well as the ground state bleach decay signals were nonex-
ponential. The new absorption signal was modeled by the
sum of two exponentials. The results of the fits are presented
in Table I. Although the changes in the amplitudes and decay
times are not large, the differences show that the dependence
on temperature is not negligible. The trend is that the ampli-
tude of the slower decay ��3 in Table I� increases and the
amplitude of the fast decay ��2� decreases with increasing
temperature.

D. Two dimensional IR spectra

Figure 4 shows the 2D IR spectra of TFA-C12 at 293 K
for different population times. Each of these spectra shows
one pair of peaks. The positive peak corresponds to the

v=0→v=1 transition of the carboxylate asymmetric stretch
and is located close to the diagonal ��t	��� line of the
2D IR spectrum. The negative peak corresponds to the v
=1→v=2 transition, which is shifted along the detection
frequency axis ��t� by the anharmonicity. These two spectral
components have a slight elongation along the diagonal. The
v=1→v=2 region of TFA-C12 shows a noticeable tilt to-
wards lower �t frequencies at T=0 ps. The width of the
positive and negative peaks along �� is approximately equal
to 20 cm−1. These features in the 2D IR spectra are charac-
teristic of systems where the spectrum is dominated by
lorentzian processes.

The 2D IR spectra of TFA-C13 were also measured and
they are displayed in Fig. 4. The positive and negative peaks
have widths along the �� axis of ca. 50 cm−1, which are
broader than in the case of TFA-C12. Moreover the negative
peak is less extended along �t and less triangular in shape
compared with its counterpart in TFA-C12. Both TFA-C12
and TFA-C13 show a slight elongation or tilt of the two
spectral components towards the diagonal at T=0 ps. For
TFA-C13 a slight tilt remains noticeable at T=1.5 ps, at
which time the TFA-C12 spectrum has become upright.

IV. DISCUSSION

A. Population relaxation mechanism

Nonexponential relaxation has been previously observed
in amide modes as well as carbonyl groups in carboxylic
acids and esters.28 Many conjectures have been made regard-
ing the microscopic interpretation of such behavior. One pos-
sible explanation is the rapid equilibration between different

FIG. 3. Pump-probe dynamics of TFA-C12 �a� and of TFA-C13 �b�. Photo-
induced transient signal �gray filled circles� and nonexponential fit �black
line�. The insets show the spectrally resolved signals at 0 fs delay between
pump and probe.

FIG. 2. Experimental linear IR spectra of TFA-C13 �open circles� in D2O.
The solid line is the fit with two Lorentzian functions �dashed and dotted
lines�.

044501-4 Kuroda, Vorobyev, and Hochstrasser J. Chem. Phys. 132, 044501 �2010�



modes. In the present case the asymmetric stretching vibra-
tion may be equilibrating with another mode to which it is
strongly coupled by the solvent displacements. For the inter-
mode anharmonicity to be significant the two vibrational
modes should share the movement of the same atoms. This is
certainly the case for the two carboxylate stretching modes
of TFA where the solvent movement can exert forces that
could interconvert the asymmetric stretch mode into the
symmetric stretch mode and vice versa.

The IR spectrum of TFA-C12 in the region of the asym-
metric stretch frequency has a single transition at 1673 cm−1

free from Fermi resonances. As discussed above there
are only two transitions in the IR at frequencies higher
than 1250 cm−1. Quantum computations show that the
vibrational mode closest in energy to the carboxylate asym-
metric stretch in TFA-C12�C13� is the symmetric stretch.
The FTIR shows that these modes are separated by only
237 cm−1�215 cm−1�. Therefore it is reasonable to hypoth-
esize that the population relaxation of the asymmetric stretch
�A� is dependent on, and perhaps governed by its solvent
induced interaction with the symmetric stretch �S�. The
A�S energy flow would then lead to population equilibra-
tion between the two modes. It will be shown that the data
are entirely consistent with this interpretation.

Assuming a kinetic scheme linking the S and A state
populations with rate coefficients as defined in Fig. 5, the
population nA�t� of the initially excited vibrational state A
will show a biexponential decay given by

nA�t� = c1 exp�− �1t� + c2 exp�− �2t� , �3�

where c1= �kSA+kS0−�1� / ��2−�1�, c2= �kSA+kS0−�2� / ��1

−�2�, �1= �p+q� /2, �2= �p−q�2, p=kAS+kSA+kA0+kS0, and
q=
p2−4�kASkS0+kSAkA0+kA0kS0�.

The rate coefficients kAS and kSA for population transfer
between the symmetric and asymmetric states are related by

kSA = kAS exp�− ���AS�/kBT� , �4�

where �AS is the frequency difference between the coupled
modes. It will be seen below from global fits that the system
is approximately in the limit: kAS�kSA	kA0�kS0. Therefore
the amplitudes and decay rates become c1=kAS / �kAS+kSA�,
�1=kAS+kSA, and c2=kSA / �kAS+kSA�, �2=kA0. Using Eq. �4�
and the experimental �AS, the predicted amplitudes for TFA-
C12�C13� are c1=0.76�0.74� and c2=0.24�0.26� at 291 K.
These values agree well with the experimental data fit to two
exponentials as in Eq. �3� and shown in Table I for TFA-C12.
The temperature dependence of TFA-C12 is also reasonably

TABLE I. Parameters of pump-probe dynamics fit for different temperatures and samples.

Sample
Temp.

�K�

Population dynamics

AnisotropyRise Decay

A1

�1

�ps� A2

�2

�ps� A3

�3

�ps�
��

�ps�

TFA-C12 281 1 0.47�0.02 0.75�0.06 0.58�0.07 0.25�0.06 2.8�0.5 ¯

293 1 0.47�0.02 0.74�0.04 0.54�0.06 0.26�0.04 3.2�0.4 4.3�0.5
323 1 0.36�0.02 0.72�0.04 0.51�0.06 0.28�0.02 2.7�0.3 ¯

TFA-C13 293 1 0.36�0.02 0.89�0.02 0.44�0.02 0.11�0.02 3.6�0.5 4.3�0.5

FIG. 4. Experimental 2D IR vibrational echo spectra for population time T=0 fs, T=450 fs, and T=1500 fs. Upper and lower rows correspond to TFA-C12
and TFA-C13, respectively, in D2O.
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well predicted in this approximation: c1 decreases and c2

increases as the temperature increases. The situation for
TFA-C13 is discussed in more detail below.

To extract the rate coefficients from the population de-
cays of TFA-C12, we performed a global fit of the photoin-
duced absorption dynamics of the asymmetric stretch at dif-
ferent temperatures. In the fit with two exponentials and no
constraints, the best least square fits required a frequency
separation of 250�60 cm−1, which is close to the actual A-S
separation of 237 cm−1. This result confirms that the relax-
ation pathway involves A, S coupling. To obtain the best set
of kinetic parameters a global fit was performed with the A-S
frequency separation set at the experimental value to gener-
ate the results presented in Table II. The values of the param-
eters ci and �i from the global fit �Table II� are in excellent
agreement with those observed. These results show the ki-
netic model in Fig. 5 accurately describes the excited states
dynamics of the asymmetric stretch of TFA-C12.

The global fits of the experiments to the three state ki-
netic model predict that the symmetric stretching mode of
C13 relaxes about five times faster than that of C12. This has
the effect of reducing the c2 coefficient because the probabil-
ity of the backreaction S→A becomes diminished. While
this large difference between the C12 and C13 relaxations
could conceivably have been caused by the isotope induced
change in the coupling of the S mode of TFA-C13 to D2O
and/or to the bending mode of carboxylate, the actual situa-

tion is more complex. In particular, it is shown below that the
vibrational band of C13 consists of two closely spaced tran-
sitions, probably a result of Fermi resonance. Therefore we
considered the effect on the kinetic model of introducing a
fourth state, labeled C, which is very near to A �see Fig. 5�.
In the fitting procedure, it was assumed that the kinetic con-
stants: kA0, kS0, kSA, and kAS for the four-level scheme are
equal to those observed for TFA-C12. The relaxation of A–C
and the subsequent relaxation of C were introduced in accor-
dance with the scheme shown in Fig. 5. The results of the fit
are illustrated in Fig. 3. They are quite similar to those ob-
tained by freely varying the rate parameters. The rate con-
stant for these processes are kAC=2.85 ps, kCA=2.71 ps,
kC0=2.18 ps, kCS=1.23 ps, and kSC=0.44 ps. The simulation
of the signals shows that even with the presence of the new
state C, the contribution of the A→S deactivation pathway to
the relaxation of the A state is dominant. The kinetic param-
eters show that the quantum yield of S formation is 0.7 for
TFA-C12 and 0.6 for TFA-C13 using the mixed state model
indicated above. It will be demonstrated below that the C
state is a combination mode in Fermi resonance with A.

A full quantitative description of the fast relaxation be-
tween the asymmetric and symmetric stretch modes would
require computations of the autocorrelation function of the
forces exerted on the ion by the surrounding water molecules
in much the same way as recently reported for the azide
ion.29 Although such a calculation is beyond the scope of the
present study, it is possible to make some general qualitative
comments regarding this process. The first point is that the
small energy gap of 230 cm−1 is favorable for energy trans-
fer between the carboxylate stretching modes. The spectra of
the solvent forces exerted along the bonds of aqueous ions
have been found to have substantial magnitudes relative to
zero frequency at such energy gaps.29,30 The carboxylate
oxygens are equivalent, on average their solvation shells
must be the same. Thus in the situation where each oxygen
has a nearby collinear hydrogen, one can imagine a strong
Coulomb force acting along each of the CuO bonds. It is
the antisymmetric motions of these hydrogens, which push
on one bond and pull on the other, that provide the fluctuat-
ing forces that mix the asymmetric and symmetric stretch
motions of the ion through the Coulomb interaction. This
push-pull effect will cause an anticorrelation in the frequency
fluctuations for the A and S modes, which remains to be
measured experimentally.

kSA

kAS
kA0

kS0

SωAS
C

kC0

kAC

kCA

kSC

kCS

A

0

kSA

kAS
kA0

kS0

SωAS
C

kC0

kAC

kCA

kSC

kCS

A

0

FIG. 5. Schematic kinetic diagram for two/three coupled modes with an
energy gap. The symmetric and asymmetric carboxylate stretches are de-
noted as S and A, respectively, and the combinational mode as C. Dotted
arrows represent the pathways added to the three level system for the mod-
eling of TFA-C13.

TABLE II. Parameters obtained from the global fitting of the TFA-C12 pump-probe kinetics at different
temperatures. Parameters obtained from individual fits at different temperatures are shown in parenthesis.

Parameters
Temperature �K�

281 293 323

kAS �ps−1� 1.35 1.35 1.35
kSA �ps−1� 0.40 0.42 0.47
kA0 �ps−1� 0.21 0.21 0.21
kS0 �ps−1� 0.41 0.41 0.41
c1 0.73 �0.75� 0.72 �0.74� 0.70 �0.72�
�1 �ps� 0.50 �0.58� 0.49 �0.54� 0.48 �0.51�
c2 0.27 �0.25� 0.28 �0.26� 0.30 �0.28�
�2 �ps� 2.8 �2.8� 2.8 �3.2� 2.8 �2.7�
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B. Frequency-frequency correlation function „FFCF…

An important feature contained in the 2D IR spectrum is
the correlation function of the frequency fluctuations for the
modes.31 Many different approaches have been used to ex-
tract this important information from the 2D IR
spectra.10,32,33 Here, the normalized correlation function was
obtained from the slope of the zero contour �nodal� line that
separates the positive v=1→0 and negative v=1→2 transi-
tions, measured at the point of intersection with the line join-
ing the peaks. For one anharmonic oscillator having a spec-
trum distinct from that of other modes, the slope of this line
at population time T, S�T�, can be expressed as32

S�T� =
���10�0���10�0��
���10�T���10�0��

, �5�

where ���10�T���10�0�� is the FFCF at time T. This formu-
lation assumes Gaussian frequency fluctuations. The slope
versus population time for both isotopologues is presented in
Fig. 6. The time evolution of these normalized FFCF’s sug-
gests a model correlation function of the form

���10�t���10�0�� = ��t�/T2
� + 
1

2 exp�− t/�1� + 
2
2, �6�

which contains an instantaneous decay with amplitude 1 /T2
�

and an exponential decay to a plateau 
2
2. The static inhomo-

geneous term �
2
2� is only needed to explain the TFA-C13

case as discussed below. Since the experimental FFCF gen-
erates only a normalized correlation function, the actual
magnitudes of T2

� and 
i were found by least square fitting to
the experimental linear IR line shapes as described below.

The experimental slope for TFA-C12 and TFA-C13
yields in both cases a normalized correlation functions start-
ing below 0.3. This indicates that more than 70% of the
FFCF corresponds to homogeneous processes. The FFCF of
each isotopologue shows a subpicosecond exponential decay,
820 fs for TFA-C12 and 260 fs for TFA-C13. In addition, the
normalized FFCF of TFA-C13 does not decay to zero at the
longest times measured �see Fig. 6�.

The FFCF obtained from MD simulations and the DFT
frequency map �Fig. 7� was well fitted to a sum of two ex-
ponential decays. The model fit, summarized in Table III,
requires a component �1=0.52 ps with normalized ampli-
tude of 0.42. There is also a fast decay component of

�H=0.04 ps with a normalized amplitude of 0.58, which will
be shown to correspond to the T2

� component of Eq. �6�. This
theoretical model predicts features close to those seen in the
normalized FFCF of TFA-C12 �Fig. 6�, but differing signifi-
cantly from the experimental normalized correlation function
of TFA-C13.

The linear absorption spectrum S��� of TFA-C12 was
fitted to the well-known lineshape,34

I��� = 2 Re �
0

�

exp�i�� − ��10��t�

�exp�− g�t� − t/2T10 − 2Dt�dt , �7�

where g�t�=0
t d�10

�1���10��2���10�0��d�2, T10 is the de-
population time, and D is the rotational diffusion coefficient
known from the pump-probe anisotropy �Table I�. The total
depopulation rate was obtained from the proposed population
kinetic modeling of three states �Table II� giving a T10 of
0.64 ps. The linear IR band is close to being Lorentzian; and
if there were only homogeneous processes contributing to
the spectrum, the T1 and orientational relaxation would as-
sume 53% �9 cm−1 out of 16.7 cm−1� of the linear spectral
width. However, the asymmetric stretch transition clearly
cannot be a Lorentzian function because there is a significant
spectral diffusion. The experiment measures the spectral re-
laxation �1 and the normalized variance, S�0�, of the corre-
lation function at T=0. To obtain all the parameters of Eq.

FIG. 6. Slope S�T� vs population time for TFA-C12 �open circles� and
TFA-C13 �filled circles�. The smooth lines are the corresponding fits to Eqs.
�5� and �6� using the parameters given in Table III.

FIG. 7. Autocorrelation of the frequency fluctuations calculated from the
MD/DFT map. Open circles are the FFCF and the solid line is the fit of the
correlation function with two exponentials.

TABLE III. Parameters of the experimental and theoretically predicted
FFCFs. The experimental parameters extracted from experimental results
and from a simultaneous fit of the linear absorption spectra and of slope of
the 2D IR spectrum nodal contour line �marked with ��.

FFCF
parameters

Experimental

TheoreticalTFA-C12 TFA-C13


1
2 �norm� 0.26�0.02 0.10�0.01 0.42�0.01

�ps−2� 1.18�
¯ 0.51�0.01

�1 �ps� 0.82�0.09 0.26�0.06 0.52�0.01

2

2 �norm� ¯ 0.10�0.01 ¯


H
2 �norm� ¯ ¯ 0.58�0.01

�ps−2� ¯ 0.72�0.01
�H �ps� ¯ ¯ 0.040�0.001
T2

� �ps� 17�
¯ ¯
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�6�, a simultaneous fitting of the linear and the 2D IR spectra
was carried out in the following manner. Calculations of the
linear spectrum using Eq. �5� find that there is a family of
pairs of parameters T2

� and 
1 that will provide the appropri-
ate residual bandwidth for the given value of �1, and give
equally good fits to the linear spectrum �Fig. 8�a��. Thus,
within these constraints the specification of T2

� defines 
1 and
vice versa. The variation of 
1 �or T2

�� with S�0� is shown in
Fig. 8�b� from computations of the 2D IR spectra based on
the same pairs of parameters. The observed value of S�0�
then specifies a particular pair of values T2

�=17 ps and

1=1.09 ps−1 as indicated by the insets on Figs. 8�a� and
8�b�. The linear spectral fit is shown in Fig. 9.

C. The spectral difference between TFA-C12 and -C13

There is a significant change in IR linewidth on isotopic
substitution of the carboxylate carbon. This result is very
unusual and unexpected. The explanation is that there must
be two overlapping transitions in the case of TFA-C13. The
spectrum of TFA-C12 in Fig. 1 illustrates clearly that there
is no transition at or near the 1625 cm−1, the location of
TFA-C13. Therefore the suspect new transition must be in-
duced by isotope substitution. In other words, there must be
a near accidental degeneracy between the asymmetric stretch
of TFA-C13 and an overtone or combination mode. In the
absence of the accidental degeneracy the combination mode
is not present in the spectrum which is the case of TFA-C12
asymmetric stretch. However, its coupling to the asymmetric
stretch mode must be weak because the energy gap between
the eigenmodes is small and less than the spectral linewidth.
DFT calculations of vibrational modes predict a combination
mode consisting of the carboxylate symmetric stretch and a
low frequency mode at 361 cm−1. This combination is com-
puted to be within 10 cm−1 of the asymmetric stretch in
TFA-C13, but 40 cm−1 from the same stretch in TFA-C12.
The presence of a second transition is consistent with the
linear IR spectrum of TFA-C13 being least square fitted to
two Lorentzian peaks separated by 10 cm−1 �Fig. 2�. The
FTIR spectrum is found on careful inspection to be slightly
asymmetric as shown in Fig. 1 when the spectrum is exactly

aligned with that of TFA-C12. However, the presence of two
transitions is most apparent from the 2D IR spectrum. The
FFCF determined from the slope �Fig. 6� shows a decay to a
plateau, which normally would be attributed to a static inho-
mogeneous component represented by the third term in Eq.
�6�. Nevertheless the effect of an inhomogeneous distribution
of frequencies can be mimicked by the presence of two spec-
trally separated homogeneous distributions. The presence of
accidental near-degeneracies and therefore their effects on
the FFCF as described here may be common in polyatomic
molecules and could be easily misinterpreted as slow solvent
dynamics. The presence of the constant term in the FFCF of
TFA-C13 and not in TFA-C12 is considered very unlikely to
be caused by a difference in the interaction of the isotopo-
logues with their water environments. The atomic charge dis-
tributions in the gas phase obtained from DFT computations
are essentially identical for the two isotopologues. This result
strongly argues against the solute-solvent interaction being
dependent on isotope substitution and supports the interpre-
tation that there are two overlapping transitions.

D. Solvation dynamics of TFA

The frequency fluctuation of the carboxylate asymmetric
stretch mode is correlated to the changes in the electric field
E at various points in the ion, exerted by the surrounding
water molecules. The changes of E originate from the move-
ment of the surrounding solvent D2O molecules. Therefore,
the temporal evolution of the FFCF contains the characteris-
tic time scales of the solvent dynamics.31 The experimental
FFCF of TFA-C12 has one decay component of 0.82 ps that
has a normalized amplitude of 0.26. The remaining 74% of
the variance is assumed to be a fast motionally narrowed
component. This fast decay corresponds to a homogeneous
pure dephasing time of 17 ps as deduced from the FTIR
spectrum. The FFCF computed from the MD simulation and
frequency map also shows a strongly motionally narrowed
component �see Table III, theoretical values of 
H and �H�
with a correlation time of 40 fs. This fast process is consid-
ered to correspond to librations of the water in the solvation
shell, which are known to occur on this time scale.35 The
slow component of 0.82 ps in the experiment and 0.52 ps in
the simulated correlation function arises from a dynamic in-

FIG. 9. Linear IR spectra of TFA-C12. The open circles are the experimen-
tal absorption line shape; the solid line is the fit to experimental parameters
as discussed in the text relating to Eq. �7�.

FIG. 8. Relationship between pure dephasing parameters, T2
� and 
1, and the

T=0 value, S�0�, of the normalized FFCF obtained from the slope as defined
in the text. �a� shows the possible pairs of T2

� and 
1 that fit the asymmetric
stretch of the carboxylate for TFA-C12 for a given value of T10=0.64 ps as
discussed in the text. �b� depicts the normalized FFCF intercept at T=0 for
the different pairs of T2

� and 
1 obtained in Fig. 8�a�. The upper x-axis of �b�
displays the T2

� corresponding to the 
1 displayed in the lower x axis. Insets
in both Figures are zooms around the values for the parameters that fit the
linear IR and the value of S�0� from the 2D IR spectrum of TFA-C12.
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homogeneous distribution of frequencies associated with the
reorganization of the solvent shell as discussed below.

Analysis of the MD simulation shows that each of the
oxygen atoms of the carboxylate is coordinated with an av-
erage of 2.8 water molecules �Fig. 10�. When the simulation
trajectory is smoothed to eliminate the fast fluctuations dis-
cussed in the previous paragraph, the vibrational frequencies
computed from the simulation show continuous slow undu-
lations about a mean frequency as shown on the inset of Fig.
11. The frequency variations of the smooth trajectory corre-
late on the slow time scale of 0.52 ps. The maxima and
minima of the frequency deviations from the mean are
readily shown by analysis of the simulation to correspond to
two types of solvent configuration. The two idealized confor-
mations of water around the ion are displayed in Figs. 10�a�
and 10�b�. They can be described in terms of the directions
of the lines connecting the carboxylate oxygen to the hydro-
gens of the closest water molecules. The lowest frequency
configurations have one of these OuH directions being cis-

planar with the CuC bond. The three OuH directions
form an approximate tetrahedral arrangement with the car-
boxylate oxygen as one vertex as shown in Fig. 10. The high
frequency conformations have one of the OuH directions
trans-planar with the CuC bond. The actual snapshots
show solvated structures that fluctuate significantly from
these idealized forms and also undergo fluctuations in the
hydrogen occupation of the various sites. Nevertheless the
simulation indicates that these idealized forms are descrip-
tive of the high and low frequency solvent conformations. It
also predicts that both oxygen atoms have the same water
conformation so that the low frequencies in the simulated
trajectory are associated with both oxygen atoms having one
OuH direction that is cis-planar with the CuC bond.

To confirm whether the switching between the two de-
scribed solvent configurations is the slow process observed
in the FFCF, the correlation between the position of the wa-
ter molecules hydrogen bonded to carboxylate and the fre-
quency fluctuation was investigated in the snapshots of the
MD simulation. The analysis shows that the frequencies cor-
relate highly with the solvent structure parameters. For ex-
ample when a H bond is defined by an OuH distance less
than 3 Å and an OuH direction within 30° of the
O�carboxylate�–O�water� separation,36 the cross correlation
of the calculated vibrational frequency and the component
along the CuC bond of the sum of the OuH unit vectors
for H atoms hydrogen bonded to both oxygens gives a cor-
relation factor of 0.76. The correlations with components in
the directions perpendicular to the CuC bond are negli-
gible. Thus, the interconversion between the low and high
frequencies corresponds to the slow process in the theoreti-
cally predicted FFCF shown in Fig. 7. The result also indi-
cates that the change in the geometrical distributions of wa-
ters surrounding the ion is indeed the inhomogeneous/slow
process observed in the experimental FFCF. The frequency
fluctuates at higher values of the mean frequency ��0� if the
water shell is in the configurations a and c of Fig. 10. An-
other property that supports the switching of the water shell
configurations as the mechanism observed in the FFCF is the
density of the hydrogen occupancy. The density of the hy-
drogen occupancy was calculated for all those configurations
within 25% of the maximum and minimum frequency fluc-
tuations and it is illustrated in Fig. 10. The results show the
isosurface containing the 66% probability of finding the hy-
drogen in the configurations of Figs. 10�a� and 10�c�, when
the oscillator has the highest frequency. The tendency is re-
versed for water clusters that produce the negative deviation
from the center frequency ��0�, which correspond to those in
Figs. 10�b� and 10�d�.

The experimental FFCF slow decay starts at a small nor-
malized amplitude, which implies that the distribution of fre-
quencies and hence of solvent configurations is relatively
narrow; in other words, the persistent inhomogeneous distri-
bution of frequencies is small. This is consistent with the
water coordination number, which shows the ion strongly
associating with the surrounding water molecules.

The MD simulation predicts reasonably well the FFCF.
It requires that water molecules reside37 in the first solvation
shell for ca. 10 ps, which must significantly slow down the

FIG. 10. Solvation shell configurations of TFA with the highest frequency
deviations. Idealized solvent conformations for the maximum �a� and mini-
mum �b� frequencies marked with arrows in the inset of Fig. 11. Hydrogen
occupancy probability for all the solvent conformations in which the car-
boxylate asymmetric stretch frequency is calculated to be within 25% of the
maximum �c� and 25% of the minimum �d�. The transparent and solid iso-
surfaces of �c� and �d� represent the 66% and 99% probability of finding a
hydrogen atom, respectively.

FIG. 11. Simulated frequency fluctuation of the asymmetric stretch mode.
Inset shows a zoom of the marked area. Grey dots and solid black lines
represent the frequency fluctuation and its window average, respectively.
Dash black line is the average of the frequency fluctuation ��0� with respect
to the gas phase value at 0 cm−1.
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motions of the water surrounding the carboxylate ion. The
influence of more hydrophobic uCF3 group on these water
structure and their dynamics could be further evaluated by
comparison with other ions such as acetate �CH3CO2

−�.

V. CONCLUSION

The asymmetric stretching vibration of the carboxylate
of the CF3CO2

− anion was found to have a population relax-
ation dominated by transitions to the symmetric stretching
mode. The backtransfer to the asymmetric stretch was ob-
served in accordance with microscopic reversibility. The
model of the temperature dependent T1 relaxation, leading to
nonexponential population dynamics is likely to be appli-
cable to other systems.

A coupling of the asymmetric stretching vibration with a
combination mode causes the bandwidth of TFA-C13 to be
significantly increased over that of TFA-C12. The presence
of two very close and overlapping transitions is manifested
in the experimental FFCF. It is shown that an unresolved
Fermi resonance can produce the same FFCF as a static in-
homogeneous broadening, even in cases where both vibra-
tional transitions are homogeneously broadened.

We suggested a structural interpretation of the compo-
nents of the FFCF. The fast component is due to the libra-
tions of the water molecules surrounding the ion. The slow
component is attributed to the switching between mainly two
configurations of water molecules around the ion.
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