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Resonant and nonresonant intermolecular vibrational energy transfers in GdmSCN/KSCN=1/1, GdmSCN/KS13 CN=1/1 and GdmSCN/KS13 C15 N=1/1 mixed crystals in
melts and in aqueous solutions are studied with the two dimensional infrared spectroscopy.
The energy transfers in the samples are slower with a larger energy donor/acceptor gap,
independent of the Raman spectra. The energy gap dependences of the nonresonant energy
transfers cannot be described by the phonon compensation mechanism. Instead, the experimental energy gap dependences can be quantitatively described by the dephasing mechanism.
Temperature dependences of resonant and nonresonant energy transfer rates in the melts are
also consistent with the prediction of the dephasing mechanism. The series of results suggest
that the dephasing mechanism can be dominant not only in solutions, but also in melts
(pure liquids without solvents), only if the molecular motions (translations and rotations)
are much faster than the nonresonant energy transfer processes.
Key words: Vibrational energy transfers, 2D IR, Phonon compensation mechanism, Dephasing mechanism

and theoretical studies, it was found that the dominant
mechanism for both resonant and nonresonant intermolecular vibrational energy transfers [40, 41] (the definition of them can be found in the previous studies)
in the solutions is not the long-believed phonon compensation mechanism [6]. Instead, it is the dephasing
mechanism [40] that dictates the energy transfer processes. The essential diﬀerence between these two mechanisms is that in the phonon compensation mechanism
the energy diﬀerence between the donor and acceptor is
compensated by phonons (instantaneous low frequency
normal modes) in the liquids. Therefore the energy
transfer is not necessarily slower with a larger energy
gap, but dependent on the relative phonon densities at
each energy gap. While in the dephasing mechanism,
energy can be transferred by molecules only when they
are resonant (the donor and acceptor have the same frequency) [40]. In a condensed phase, because of molecular collisions, the energy (or frequency) of a molecule is
constantly ﬂuctuating. For two molecules of which the
initial energies are diﬀerent, they can exchange energy
once their energies ﬂuctuate to be the same. Because
of the “resonant” nature, in the dephasing mechanism
the energy transfer is slower with a larger initial energy
gap since it is more diﬃcult to overcome a larger gap
by random molecular collisions. Here, a point needs
to be emphasized. In the phonon compensation mechanism, during the energy transfer process, the donor

I. INTRODUCTION

Vibrational energy transfer is of interest for a variety of reasons, most notably because of the importance of energy transfer processes in chemical transformations [1]. In particular, in condensed phases, whenever a molecular bond is broken, formed, or changed
into another state, a large part of the energy involved
in the processes inevitably comes from or converts into
vibrational energy, the dynamics of which have been
extensively studied in both theory and experiments for
decades [2−27]. In addition, intermolecular vibrational
energy transfer is also a key component of many important phenomena, e.g., heat transportations and cell
signaling. However, the quantitative description of intermolecular vibrational energy transfers in condensed
phases remains a grand challenge, as intermolecular energy transfers are typically accompanied by intramolecular energy relaxations and many mechanisms can play
roles simultaneously [6, 13, 28, 29].
In the past few years, a series of intermolecular vibrational energy transfer experiments in solutions and crystals were conducted [30−40]. From these experimental
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(D) and acceptor (A) energy values are diﬀerent. The
energy sum of donor plus phonon (P) is the same as
that of the acceptor, assuming the energy of the donor
is smaller. The process can be schematically described
as D+P⇔A. In the dephasing mechanism, even if the
initial energy values of the donor and acceptors are different, during the energy transfer process they are on
resonance, because prior to transfer due to molecular
collisions (C) they have ﬂuctuated to be the same. This
process can be described as D+CD →D∗ ⇔A∗ ←A+CA .
Recently, we have derived an equation which can quantitatively describe the energy transfer rate constant for
the dephasing mechanism [37−39],
kDA =

2
2
(
) VDA
∆ωDA
1 + exp −
kB T
−1
τ
2

2 + τ −2
(∆ωDA ) + 4VDA

(1)

where ∆ωDA =ωD −ωA , the diﬀerence between the central energy (frequency) values of D and A, also termed
as the donor/acceptor (D/A) energy gap (this value is
equal to 0 for the resonant energy transfer). τ is the
dephasing time of the coherence between the donor and
acceptor. In converting the τ with the line width τ −1 ,
1 100
a factor of 2τ is needed, e.g. τ −1 =
cm−1 . kB is
2π 3τ
Boltzmann’s constant, and T is the absolute temperature, kB T is converted to wavenumber by being 0.69T .
VDA is the D/A coupling strength which is quantitatively correlated to the donor/acceptor distance (rDA )
under the dipole/dipole interaction mechanism by [42]:
2
VDA
=

1 µ2D µ2A κ2
6
n4 (4πε0 )2 rDA

(2)

where n is the refractive index. µD and µA are the
respective transition dipole moments of the donor and
acceptor. ε0 is the vacuum permittivity. rDA is the
distance between the donor and acceptor. κ is the orientation factor dependent on the relative orientations of
the donor/acceptor and the relative time scales of the
rotations of the donor/acceptor and the energy transfer.
All parameters in Eq.(1) and Eq.(2) are experimentally
accessible.
Our previous solution experiments in diﬀerent solvents can be described by Eq.(1) and Eq.(2) very well
[30−40]. However, experiments in a pure liquid (without solvents) on this topic has never been conducted.
Is there any diﬀerence of energy transfer mechanism in
liquid (e.g. molten salt) without solvents? According
to our previous study [40], in a solution the eﬃciency
of phonon compensation is diminished because the random molecular translation time scale is faster than the
nonresonant energy transfer. The viscosity of a molten
salt is much larger than that of a solution, and the transient local structure of a melt can be similar to that of
DOI:10.1063/1674-0068/29/cjcp1602028

the crystal. Under such scenario, it is conceivable that
in a molten salt the eﬃciency of phonon compensation
could be high and the phonon compensation mechanism
could be important for nonresonant energy transfers,
diﬀerent from those in solutions. In this work, we conduct comparison studies on intermolecular vibrational
energy transfers in a molten salt and its solutions to
investigate this fundamental problem.

II. EXPERIMENTS

The experimental setup has been described elsewhere [30, 31, 43−45]. Brieﬂy, the experimental
setup consisted of a Ti:Sapphire oscillator (∼400 mW,
∼800 nm with a band width ∼45 nm, <35 fs,
∼76 MHz, LIGHTHOUSE PHOTONICS sprout combining QUANTRONIX Ti-Light), two Ti:Sapphire regenerative ampliﬁers and two optical parametric ampliﬁer (OPA) systems.
The oscillator pumps the
two Ti:Sapphire regenerative ampliﬁers, 90% power
entering a picosecond ampliﬁer (∼3.5 W, ∼800 nm
with a band width ∼0.6 nm, ∼1.3 ps, 1 kHz,
QUANTRONIX Integra-C) and 10% to a femtosecond ampliﬁer (∼3.5 W, ∼800 nm with a band width
∼26 nm, ∼40 fs, 1 kHz, QUANTRONIX Integra-C) respectively. We use ∼2.8 W of the picosecond ampliﬁer to pump a picosecond OPA (TOPAS-800) plus
non-collinear diﬀerence frequency generator (NDFG)
system to producing ∼1.4 ps (vary from 1.0−1.5 ps
in diﬀerent frequencies) mid-IR pulses with a bandwidth ∼15 cm−1 in a tunable frequency range from
500 cm−1 to 4000 cm−1 with energy of 1−40 µJ/pulse
at 1 kHz. We also use ∼2.8 W of the femtosecond
ampliﬁer to pump another femtosecond OPA(TOPASPrime) and NDFG system producing ∼140 fs mid-IR
pulses with a bandwidth ∼200 cm−1 in a tunable frequency range from 500 cm−1 to 4000 cm−1 with energy of 1−40 µJ/pulse at 1 kHz. In the 2D IR experiments, the ps IR pulse excites the vibrations of the
molecules and its excitation power is adjusted based
on need. The fs IR pulse is the probe beam. It is
frequency resolved by a spectrograph and then is collected on a 2×32 pixel mercury cadmium telluride detector (Infrared Associates) yielding the ωm axis of a 2D
spectrum. The optical resolution used was 4−7 cm−1
(depending on the used grating). Scanning the pump
frequency yields the ωτ axis of the spectrum. Two polarizers are inserted into the probe beam pathway, one
is located immediately behind the sample to selectively
measure the parallel or perpendicular polarized signal
relative to the pump beam and the other is before the
sample rotating the polarization of the probe pulse 45◦
with respect to that of the pump pulse. The entire system is computer controlled. The IR pump probe signal
P (t) is collected by measuring the transmission of the
probe beam through the sample by chopping the pump
beam at 500 Hz. For a given delay time t (the dec
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lay between the IR pump and the IR probe pulse was
changed by changing the optical pathlength travelled
using a translation stage), the IR pump probe signal is
deﬁned by:
P (t) =

(Ipump-on − Ipump-oﬀ )(t)
∆I(t)
=
Ipump-oﬀ
I

(4)

where P// and P⊥ are parallel and perpendicular data,
respectively. Rotational relaxation time is acquired
from R=(P// −P⊥ )(P// +2P⊥ ). The Raman spectra
were taken from a commercial Raman spectrometer
(BRUKER, SENTERRA RAMAN).
Guanidiniumthiocynate (GdmSCN) was purchased
from Aladdin.
KSCN, KS13 CN and KS13 C15 N
were purchased from Aldrich and used as received.
D2 O was purchased from C/D/N Isotopes Inc.
GdmSCN/KS13 CN=1/1, GdmSCN/KS13 C15 N=1/1,
GdmSCN/KSCN/KS13 C15 N=0.5/0.48/0.02,
and
GdmSCN/KSCN=1/1 mixed crystals were prepared
by dissolving the components in methanol, and
these were stirred for 0.5 h.
The solvents were
then removed under vacuum. The procedure was
repeated three times, and then the components
were uniformly mixed. GdmSCN/KS13 CN=1/1 and
GdmSCN/KS13 C15 N=1/1 salts in D2 O saturated
solutions were prepared by direct dissolution of the
salts in water.
GdmSCN/KS13 CN=1/1, GdmSCN/KS13 C15 N=1/1,
and GdmSCN/KSCN=1/1 aqueous saturated solutions
and the mixed crystals in melts, used for the experimental measurements, were contained in a sample cell
composed of two CaF2 windows separated by a Teﬂon
spacer. The thickness of the spacer was adjusted accordingly to the optical densities. Experiments of solutions were performed at 296 K, and that of melts at
403 and 473 K. All the experiments conducted at high
temperature were achieved by a temperature controller
connected with separate heater and sample thermocouples, and the highest temperature it can reach is below 480 K. It should be noted that the melting point
of KSCN is 446 K, thus we cannot use it to do temperature dependent experiments. The melting point of
GdmSCN is about 393 K , and we cannot buy the isotope labeled GdmSCN species, e.g. GdmS13 C15 N, and
that’s why we chose to use the GdmSCN/KSCN=1/1
system of which the melting point is below 403 K. Certainly, the intermolecular vibrational energy transfer
mechanism will not be aﬀected by the system we chose.
In our experiment, 2% of KS13 C15 N is added to the
GdmSCN/KSCN=1/1 mixed crystal in melts and GdmSCN/KSCN=1/1 D2 O saturated solution for resonant
energy rate measurements (shown below). The 13 C15 N
DOI:10.1063/1674-0068/29/cjcp1602028

shifts the vibrational frequency 76 cm−1 lower, and the
orientational dynamics of these molecules can be conveniently monitored using the pump-probe spectroscopy.
III. RESULTS AND DISCUSSIONS

(3)

where I is the transmission of the probe beam. Vibrational lifetimes are obtained from the rotation-free
signal,
Plife = P// + 2P⊥

409

A. FTIR spectra of samples

Energy transfer systems of GdmSCN/KS13 CN=1/1
and GdmSCN/KS13 C15 N=1/1 salts in D2 O saturated
solutions at 296 K and the salts in melts without solvents at 403 and 473 K were studied, respectively. In
the samples, the vibrational energy of the nitrile stretch
can resonantly and nonresonantly transfer among the
three anions: SCN− , S13 CN− , and S13 C15 N− . In
the vibrational energy transfer experiments, the energy
donor and acceptor are the nitrile stretches CN, 13 CN,
and 13 C15 N of the anions [37, 40]. As displayed in Fig.1
(a)−(f), the vibrational frequency of the nitrile stretch
0-1 transition of SCN-in the D2 O saturated solution is
about 2063 cm−1 at 296 K, in melts is about 2058 cm−1
at both temperatures. Those of S13 CN− and S13 C15 N−
red shift for about 47 and 76 cm−1 respectively in each
temperature in each type of samples because of their
heavier masses.
As demonstrated previously [37, 40], the electronic
properties including the nitrile stretch 0-1 transition
dipole moments of the three anions are hardly aﬀected
by the isotope substitutions. Therefore measuring the
vibrational energy transfers among them can explicitly
reveal the donor/acceptor energy gap dependent energy
transfer rates in the melt-state and D2 O saturated solutions at diﬀerent temperatures.
B. Resonant and nonresonant energy transfers in melts at
403 K

To measure the nitrile stretch resonant vibrational energy transfer of which the energy gap
∆ω=0, we used the resonant energy transfer induced anisotropy decay method [33, 37, 38, 40,
41, 44, 45].
Figure 2 shows the anisotropy decay of the nitrile stretch 13 C15 N 1st excited state in
the sample GdmSCN/KSCN/KS13 C15 N=0.5/0.48/0.02
and CN 1st excited state in the sample GdmSCN/KSCN=1/1 in melts at 403 K, respectively. In
general, in our experiments [37, 40, 44], there are
two major contributions to the signal anisotropy decay. One is the molecular rotation, and the other is
the resonant energy transfer from one anion to another anion with the same frequency and random orientation. The nonresonant energy transfers between
SCN− and S13 C15 N− are too slow (compared to the
anisotropy dynamics) to make any signiﬁcant contributions to the anisotropy decay [33, 37, 38, 40, 44]. In
the sample GdmSCN/KSCN/KS13 C15 N=0.5/0.48/0.02
in melt, the anisotropy decay of the S13 C15 N− signal is mostly caused by the molecular rotation bec
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FIG. 1 (a) FTIR spectrum of the CN and 13 CN stretches of SCN− and S13 CN− in a GdmSCN/KS13 CN=1/1 D2 O saturated
solution at room temperature (296 K). The energy donor/acceptor gap is 47 cm−1 . (b) FTIR spectrum of the CN and 13 C15 N
stretches of SCN− and S13 C15 N− in a GdmSCN/KS13 C15 N=1/1 D2 O saturated solution at room temperature. The energy
donor/acceptor gap is 76 cm−1 . FTIR spectra of (c) GdmSCN/KS13 CN=1/1 and (d) GdmSCN/KS13 C15 N=1/1 showing
the nitrile stretch in melts at 403 K. FTIR spectra of (e) GdmSCN/KS13 CN=1/1 and (f) GdmSCN/KS13 C15 N=1/1 showing
the nitrile stretch in melts at 473 K.

13 15
FIG.
2
Anisotropy
decay
data
of
C N
13 15
stretch 1st excited state of 2% KS C N in
GdmSCN/KSCN/KS13 C15 N=0.5/0.48/0.02 mixed crystal
in melts at 403 K, and that of CN stretch 1st excited state
of GdmSCN/KSCN=1/1 mixed crystal in melts at 403 K.
Dots are data, and lines are single exponential ﬁt.

cause S13 C15 N− anions are too far away to eﬀectively
exchange energy. Therefore, the molecular rotational
time constant τor can be determined by ﬁtting the
anisotropy decay of the S13 C15 N− signal, which is
6.3±0.3 ps in this sample. In the 100% sample (GdmSCN/KSCN=1/1 mixed crystal in melt), the anisotropy
decay of the SCN− signal is from both molecular rotations and resonant energy transfers with a time constant
τ , and it is determined to be 2.1±0.1 ps. Based on the
above values, the resonant energy transfer time constant
DOI:10.1063/1674-0068/29/cjcp1602028

τe =1/(1/τ −1/τor ) is determined to be 3.2 ps. Thus, for
sample GdmSCN/KS13 C15 N=1/1 salt in melt, the resonant energy transfer rate should be half of that in 100%
sample, which means 6.4 ps (2×3.2), since the SCN− (or
S13 C15 N− ) anions are half of that in the sample GdmSCN/KSCN=1/1 mixed crystal in melt.
To measure the nonresonant energy transfers of nitrile stretches between SCN− and S13 CN− with an energy donor/acceptor gap of 47 cm−1 and between SCN−
and S13 C15 N− with an energy donor/acceptor gap of
76 cm−1 , the vibrational energy exchange method [32,
33, 37, 40, 43] was used.
Figure 3 (a) and (b) display the waiting time dependent 2D IR spectra of sample GdmSCN/KS13 CN=1/1
and GdmSCN/KS13 C15 N=1/1 salt in melts at 403 K,
respectively. Their FTIR spectra are shown in Fig.1 (c)
and (d), respectively. At very short waiting time, e.g.
0 ps, there are two pairs of peaks on the diagonal positions. Peaks 1 and 2 are the CN stretch 0-1 and
1-2 transition peaks respectively, and peaks 3 and 4
are the corresponding transition peaks of the 13 CN (or
13 15
C N) stretch, respectively. Small cross peaks arise
from the vibrational coupling between the CN stretch
and the 13 CN stretch, and between the CN stretch
and the 13 C15 N stretch, respectively. With the waiting time increasing, the vibrational excitations of both
nitrile stretches begin to exchange, which produces two
pairs of peaks (peaks 5−8) on the oﬀ-diagonal positions (panel 30 ps). Peaks 5 and 6 originate from the
energy transfer from the CN stretch 1st excited state
c
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FIG. 3 (a) 2D IR spectra of GdmSCN/KS13 CN=1/1 mixed crystal in melts at 403 K at three waiting time of 0, 10, and
30 ps. (b) 2D IR spectra of GdmSCN/KS13 C15 N=1/1 mixed crystal in melts at 403 K at three waiting time of 0, 10, and
30 ps. The maximum intensity in each plot is normalized to be 1. (c) and (d) The waiting time dependent intensities of
peaks 1, 4, 6, 7 in (a). (e) and (f) The waiting time dependent intensities of peaks 1, 4, 6, 7 in (b). Dots are experimental
data, and curves are calculations based on the energy exchange model.
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to that of the 13 CN (or 13 C15 N) stretch, respectively.
Peaks 7 and 8 originate from (i) the energy transfer
from the 13 CN and 13 C15 N stretch, respectively, to the
CN stretch 1st excited state, (ii) the vibrational coupling between the CN stretch and the 13 C stretch and
between the CN stretch and the 13 C15 N stretch, respectively, and (iii) the heat-induced CN stretch absorption
change. In this system, the heat eﬀect is small due to
the long vibration lifetime of CN stretch mode. The vibrational coupling between the CN and its isotopes has
the dynamics similar to vibration decay of CN stretch.
After properly removing the contributions from the vibrational coupling by generating the exponential curve
in which the decay time is the same as the vibrational
lifetime (the method was developed previously [31]), we
can do quantitative analyses on the energy transfer kinetics. In Fig.3 (a) and (b), each diagonal peak pair and
its corresponding cross peak pair along the y-axis form
an energy donor (diagonal)/acceptor (cross) pair. The
relative cross/diagonal peak ratio indicates how fast the
vibrational energy transfers from the donor to the acceptor. By comparing Fig.3 (a) and (b), we can see
that the cross peaks of SCN− /S13 C15 N− (energy mismatch ∼76 cm−1 ) are obviously smaller than those of
the SCN− /S13 CN− (energy mismatch ∼47 cm−1 ) at the
same waiting time. This simple inspection qualitatively
reveals that a system with a bigger energy mismatch has
a slower energy transfer rate.
From panels 10 and 30 ps (in Fig.3 (a) or (b)), it can
be seen that the peak amplitude of 6 are larger than
that of 7 at the same waiting time. This is because
of the detailed balance principle, which requires that
at equilibrium the populations at two energy levels fulﬁll the Boltzmann distribution. Therefore the energy
down-ﬂowing must be faster than the up-pumping process with a rate ratio determined by the Boltzmann
factor.
For the GdmSCN/KS13 CN=1/1 sample in melt at
403 K, simultaneously analyzing the time dependent intensities of peaks 1, 4, 6, and 7 (after properly removing
the contributions from the heat eﬀect and the vibrational coupling) in Fig.3 (c) and (d) with the energy
exchange kinetic model quantitatively gives the energy
transfer time constant of down-ﬂowing (1/kCN→13 CN )
process to be 36±3 ps. The kinetic model description is provided in the supplementary material. Using
the same procedure, for the GdmSCN/KS13 C15 N=1/1
sample in melts at 403 K, the energy transfer time
constant of down-ﬂowing (1/kCN→13 C15 N ) process is
90±9 ps. Data and ﬁttings are displayed in Fig.3 (e)
and (f).
In other words, with the energy gap increases from
0 to 47 cm−1 to 76 cm−1 , the energy transfer time increases from 6.4 ps to 36 ps to 90 ps.
If the energy transfers are through the dephasing
mechanism, Eq.(1) must be able to describe both the
resonant energy transfer and the two nonresonant energy transfer rates with the same parameters. Eq.(1)
DOI:10.1063/1674-0068/29/cjcp1602028

Yu-neng Shen et al.

has only two unknown parameters (V and τ ), and we
have three sets of experimental data for kDA and ∆ω.
By ﬁtting two sets of these experimental data, we can
get the parameters (V and τ ). The obtained parameters
should predict the third set of experimental data. For
example, by ﬁtting the data 6.4 ps (∆ω=0) and 36 ps
(∆ω=47 cm−1 ) with Eq.(1), we obtain V =4.30 cm−1
and τ −1 =17.50 cm−1 with the calculated time constants
6.2 ps (∆ω=0), 39.2 ps (∆ω=47 cm−1 ). Using the
coupling strength and the dephasing width, the calculated energy transfer time constant for ∆ω=76 cm−1 is
88.90 ps. Within experimental uncertainty (∼10%), the
value is the same as experimental result. Here one issue
needs to be emphasized. In converting the dephasing
time τ with the line width (τ −1 ) in the denominator of
Eq.(1), a factor of 2π is needed, e.g. if τ −1 =17.50 cm−1 ,
100
1
=0.30 ps.
τ must be τ =
2π 17.5 × 3
Now, we need to evaluate whether the two obtained
parameters V =4.30 cm−1 and τ −1 =17.50 cm−1 are in
reasonable ranges. As discussed in previous work [37],
the energy transfer dephasing line widths (τ −1 ) must
not be larger than the sum of the donor and acceptor absorption line widths. As determined in Fig.1 (e)
and (f), the vibrational frequency of nitrile stretch in
melts has a line width of 34 cm−1 at 403 K. The sum
of line widths of the donor and acceptor is therefore
68 cm−1 . The determined energy transfer line width
τ −1 =17.50 cm−1 is about 25.7% of the sum, indicating that the dephasings of the donor and acceptor are
correlated.
In melts, because of no solvents separating the anions,
all of anions are close to each other and hence can transfer energy eﬃciently. Therefore, the energy transfer rate
measured is not simply the sum of transfers from one
donor to many acceptors, but more like a chain reaction
[37]. In other words, the energy may transfer from the
donor to acceptor and from this acceptor to another
anion, and so on, similar to those in the KSCN crystal [38]. As a result, it is diﬃcult to precisely evaluate
the coupling strength V =4.30 cm−1 . However, from the
previous work [37, 39], we know that the structure of the
clusters looks like that of the molten samples, and in the
saturated KSCN/KS13 C15 N=1/1 D2 O solution the coupling strength is V =4.1 cm−1 . Because of the similarity
between GdmSCN/KSCN=1/1 mixed crystal in melts
and KSCN/KS13 C15 N=1/1 D2 O saturated solution, we
can assume that the coupling strength V =4.30 cm−1 of
GdmSCN/KSCN=1/1 in melt at 403 K is in reasonable
range.
In summary, the experimental results suggest that
the dephasing dominates the energy transfers in
melts (phonon compensation mechanism was ruled out
above). Eq.(1) of the dephasing mechanism quantitatively describes both resonant and nonresonant vibrational energy transfers in GdmSCN/KS13 CN=1/1
and GdmSCN/KS13 C15 N=1/1 mixed crystal in melts
at 403 K very well.
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TABLE I Experimental and calculated resonant and nonresonant vibrational energy transfer time constants and calculated
coupling strengths and dephasing widths in GdmSCN/KS13 CN=1/1 and GdmSCN/KS13 C15 N=1/1 melts at 403 and 473 K,
respectively.
Sample
Melt (403 K) Experimental data
Calculated values
Melt (473 K) Experimental data
Calculated values

Vibrational energy transfer time constants/ps
∆ω=0 cm−1 ∆ω=47 cm−1 ∆ω=76 cm−1
6.4
36
90
6.2
39.2
88.9
6.8
37
82
6.9
36.7
82.2

Coupling/cm−1

Linewidth/cm−1

4.3

17.5

4.25

20

a

Resonant vibrational energy transfer in GdmSCN/KS13 C15 N=1/1 mixed crystal in melts.
b
Nonresonant vibrational energy transfer with an energy gap 47 cm−1 in GdmSCN/KS13 CN=1/1 mixed crystal in melts.
c
Nonresonant vibrational energy transfer with an energy gap 76 cm−1 in GdmSCN/KS13 C15 N=1/1 mixed crystal in melts.

C. Temperature dependent vibrational energy transfers in
melts

One of the interesting predictions of Eq.(1) is that
the resonant energy transfer will become slower and
the nonresonant energy transfer will become faster at
a higher temperature if ∆ω>τ −1 >V (for ∆ω̸=0) and
τ −1 >V (for ∆ω=0) and no chemical transformations
occur within the temperature range, because at a higher
temperature molecular motions are faster and the energy transfer dephasing caused by the motions typically becomes faster accordingly (τ −1 is larger at a
higher temperature) [37]. Previous work on the resonant and nonresonant vibrational energy transfers in
the KSCN/KS13 C15 N D2 O 10 mol/L solutions from
room temperature to 80 ◦ C are consistent with this prediction [37]. Then the question is raised as to whether
these predictions will still work in melts. In this section,
we focus on answering this question.
Figure 4(a) shows the anisotropy decay of
the nitrile stretch 13 C15 N in sample GdmSCN/
KSCN/KS13 C15 N=0.5/0.48/0.02 and CN in sampleGdmSCN/KSCN=1/1 as a function of waiting
time in melts at 473 K, respectively.
With the
same procedure, by ﬁtting the anisotropy decay of the S13 C15 N− in isotopic labeled sample
GdmSCN/KSCN/KS13 C15 N=0.5/0.48/0.02,
the
molecular rotational time constant τor can be
obtained to be 3±0.3 ps.
In the 100% sample
(GdmSCN/KSCN=1/1 mixed crystal in melts), the
anisotropy decay time constant τ is determined to be
1.6±0.1 ps. Based on the above values, the resonant
energy transfer time constant τe =1/ (1/τ − 1/τor )
is determined to be 3.4 ps.
Thus, for sample
GdmSCN/KS13 C15 N=1/1 salt in melts, the resonant
energy transfer time should be 6.8 ps (2×3.4), since
the SCN− (or S13 C15 N− ) anions are half of that in the
sample GdmSCN/KSCN=1/1 mixed crystal in melts.
Using a similar procedure described above, we can
also simultaneously analyze the time dependent intensities of diagonal peaks and cross peaks (shown in Fig.4
(b) and (c)). With the energy exchange kinetic model
DOI:10.1063/1674-0068/29/cjcp1602028

it gives the energy transfer time constant of downﬂowing (1/kCN→13 CN ) process to be 37±3 ps. The details are provided in the supplementary materials. For
the GdmSCN/KS13 C15 N=1/1 mixed crystal in melts
at 473 K, the energy transfer time constant of downﬂowing (1/kCN→13 C15 N ) process is 82±8 ps. Data and
ﬁttings are displayed in Fig.4 (d) and (e). Their FTIR
spectra are shown in Fig.1 (e) and (f), respectively.
By ﬁtting the two sets of experimental data 6.8 ps
(∆ω=0), 37 ps (∆ω=47 cm−1 ) with Eq.(1), we obtain
the coupling strength V =4.25 cm−1 and the dephasing width τ −1 =20.00 cm−1 with the calculated time
constants 6.90 (∆ω=0), 36.70 ps (∆ω=47 cm−1 ). Using the coupling strength and the dephasing width, the
calculated time constant for ∆ω=76 cm−1 is 82.20 ps.
Again, within experimental uncertainty (∼10%), the
calculated energy transfer time is identical with measured value. For comparison, data of the two melts are
listed in Table I.
As shown in Table I, at 473 K, the resonant energy
transfer time increases to 6.8 ps from 6.4 ps at 403 K,
but that of the nonresonant energy transfer with an energy gap 76 cm−1 becomes faster to 82 ps from 90 ps.
The opposite temperature dependence of resonant and
nonresonant energy transfers are consistent with the
prediction by Eq.(1). However, all the diﬀerences are
within experimental uncertainty (∼10%). Especially,
the nonresonant energy transfer time with an energy
gap 47 cm−1 at 473 K is almost the same as that at
403 K. The possible reasons are that, in Eq.(1) the
temperature T change causes the energy transfer rate
kDA to change little than that of ∆ω and in our experiment the increase of temperature is still small. Based
on the calculated values, we can know that the nonresonant energy transfer time with an energy gap 47 cm−1
becomes faster to 36.7 ps at 473 K from 39.2 ps at
403 K. The coupling strength at 473 K is almost the
same as that at 403 K within experimental uncertainty.
The almost same coupling strength indicates that the
average anion distance at 473 K is similar to that at
403 K in the same sample, because the other parameters in Eq.(2) which correlate the coupling strength to
c
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FIG. 4
(a) Anisotropy decay data of 13 C15 N stretch 1st excited state of 2% KS13 C15 N in
GdmSCN/KSCN/KS13 C15 N=0.5/0.48/0.02 mixed crystal in melts at 473 K, and of CN stretch 1st excited state of
GdmSCN/KSCN=1/1 mixed crystal in melts at 473 K. Dots are data, and curves are ﬁtted with single exponentials. (b)
The waiting time dependent diagonal peak intensities of 0-1 transition peak (SCN− ) and of 1-2 transition peak (S13 C− )
(similar to peaks 1 and 4 in Fig.3(c)), (c) the waiting time dependent oﬀ-diagonal peak intensities of 1-2 transition peak
(S13 C− ) and of 0-1 transition peak (SCN− ) (similar to peaks 6 and 7 in Fig.3(d)) of GdmSCN/KS13 CN=1/1 mixed
crystal in melts at 473 K, (d) the waiting time dependent diagonal peakintensities of 0-1 transition peak (SCN− ) and of
1-2 transition peak (S13 C15 N− ) (similar to peaks 1 and 4 in Fig.3(e)), (e) the waiting time dependent oﬀ-diagonal peak
intensities of 1-2 transition peak (S13 C15 N− ) and of 0-1 transition peak (SCN− ) (similar to peaks 6 and 7 in Fig.3(f) of
GdmSCN/KS13 C15 N=1/1 mixed crystal in melts at 473 K. Dots are data and curves are kinetic model calculations.

the distance are weakly temperature dependent. This is
consistent with the temperature dependent FTIR measurement (in Fig.1 (c)−(f)). The larger energy transfer
dephasing line width indicates that the energy transfer dephasing at 473 K is faster. As discussed in the
previous work [37], this is probably because the molecular motions are faster. This is supported by the faster
molecular rotation (3 ps) at 473 K compared to that
(6.3 ps) at 403 K.
In summary, using the two molten salts at two different temperatures, we have quantitatively tested the
dephasing mechanism in melts, and demonstrate that
the dephasing mechanism and its predictions are applicable.
D. Vibrational energy transfers in aqueous solutions

As discussed in the previous work [39, 40], in liquid
(melt and solution), molecular motions (e.g. rotations
and translations of a few angstroms) are much faster
than the energy transfer process. Therefore, before the
energy transfer occurs, the fast molecular motions can
cause the positions or phases of the donor and acceptor
DOI:10.1063/1674-0068/29/cjcp1602028

relative to the phonons to ﬂuctuate or even exchange.
This signiﬁcantly reduces the diﬀerence between the
phonon modulations on the donor and the acceptor,
causing the eﬃciency of phonon compensation for the
D/A gap to diminish. As a result, in liquids the dephasing mechanism is dominant. We have demonstrated the
GdmSCN/KSCN=1/1 system in melts can be described
by the dephasing mechanism. In the following we will
show the results of the systems in aqueous solutions.
As shown in Fig.5(a), the resonant energy transfer
time in the GdmSCN/KSCN=1/1 D2 O saturated solution can be obtained from the rate diﬀerence between the 1/1 and 0.5/0.48/0.02 D2 O saturated solutions (1/(1/2.65−1/5.54)) to be 5.08 ps, which indicates that the resonant energy transfer time constant in the GdmSCN/KS13 C15 N D2 O saturated solution would be 5.08×2≈11.2 ps as the number of acceptors is 50% fewer. Based on the 2DIR energy exchange measurements (Fig.5 (b)−(e)), the vibrational
energy transfer time constant from CN to 13 CN in a
GdmSCN/KS13 CN=1/1 D2 O saturated solution is determined to be 80±8 ps, and that from CN to 13 C15 N
in a GdmSCN/KS13 C15 N=1/1 D2 O saturated solution
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FIG. 5
(a) Anisotropy decay data of 13 C15 N stretch 1st excited state of 2% KS13 C15 N in
GdmSCN/KSCN/KS13 C15 N=0.5/0.48/0.02 D2 O saturated solution at 296 K, and that of CN stretch 1st excited
state of GdmSCN/KSCN=1/1 D2 O saturated solution at 296 K. Dots are data, and curves are ﬁtted with single exponentials. (b) The waiting time dependent diagonal peak intensities of 0-1 transition peak (SCN− ) and of 1-2 transition peak
(S13 C− ) (similar to peaks 1 and 4 in Fig.3(c)), (c) the waiting time dependent oﬀ-diagonal peak intensities of 1-2 transition
peak (S13 C− ) and of 0-1 transition peak (SCN− ) (similar to peaks 6 and 7 in Fig.3(d)) of GdmSCN/KS13 CN=1/1 D2 O
saturated solution at 296 K, (d) the waiting time dependent diagonal peak intensities of 0-1 transition peak (SCN− ) and
of 1-2 transition peak (S13 C15 N− ) (similar to peaks 1 and 4 in Fig.3(e)), (e) the waiting time dependent oﬀ-diagonal peak
intensities of 1-2 transition peak (S13 C15 N− ) and of 0-1 transition peak (SCN− ) (similar to peaks 6 and 7 in Fig.3(f)) of
GdmSCN/KS13 C15 N=1/1 D2 O saturated solution at 296 K. Dots are data and curves are kinetic model calculations.

is determined to be 160±10 ps. The kinetic model
description is provided in the supplementary material.
By ﬁtting the two sets of experimental data 11.2 ps
(∆ω=0), 80 ps (∆ω=47 cm−1 ) with Eq.(1), we obtain
the coupling strength V =3.05 cm−1 and the dephasing
width τ −1 =18.20 cm−1 with the calculated time constants 11.5 ps (∆ω=0), 72.60 ps (∆ω=47 cm−1 ). Using
the coupling strength and the dephasing width, the calculated time constant for ∆ω=76 cm−1 is 163.00 ps.
Again, within experimental uncertainty (∼10%), the
calculated energy transfer time is identical to measured
value. The results show that the nonresonant energy
transfer rates in solutions are strongly dependent on
the energy gap. The vibrational energy transfer between the nitrile stretches is faster with a smaller energy donor/acceptor gap. We can also notice that the
coupling strength in the solutions (3.5 cm−1 ) is slightly
smaller than that in melts (4.3 cm−1 ), indicating that
the average anion distance in the solutions are slightly
larger than that in melts probably because of the water
solvation.
In summary, using the same systems in solution at
296 K, we conﬁrm the dephasing mechanism is also applicable for the mixed crystals in solutions.
DOI:10.1063/1674-0068/29/cjcp1602028

E. Vibrational energy transfer in melts and solutions
cannot be described by phonon compensation mechanism

As discussed in our previous work [40], for the onephonon process, the ﬁrst order coupling matrix [46] is
used by the majority of theoretical approaches:
′ 2
2
kDA = VDA
Vs-b
ρ∆EDA N

(5)

where kDA is the energy transfer rate constant from
donor (D) to acceptor (A). ∆EDA is the donor/acceptor
energy gap. VDA is the coupling between donor and
′
acceptor. Vs-b
is the system-bath coupling. ρ∆EDA is
the phonon density of the bath at the energy gap ∆EDA .
For the emission process,
[
(
)]−1
|∆EDA |
(6)
N = exp
−1
+1
RT
and for the absorption process,
[
(
)]−1
|∆EDA |
N = exp
−1
RT

(7)

Meanwhile, there is also another theoretical approach
[46] stating that the ﬁrst order coupling matrix is very
c
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TABLE II Experimental and predicted energy transfer rate ratios kCN→13 CN (47 cm−1 ) /kCN→13 CN (76 cm−1 ).
Experiments
Melt (403 K)
Melt (473 K)
In D2 O (296 K)

2.50/1
2.22/1
2.00/1

Note: x1 =ρ47 cm−1 /ρ76 cm−1 in melt at 403 K, x2 =ρ47
saturated solution at 296 K.

Prediction
Eq.(5)
1.54x1 /1
1.55x2 /1
1.51x3 /1

Eq.(1)
2.27/1
2.24/1
2.25/1
cm−1 /ρ76 cm−1

in melt at 473 K. x3 =ρ47

cm−1 /ρ76 cm−1

Eq.(8)
4.02x1 /1
4.05x2 /1
3.95x3 /1
in D2 O

close to zero. Therefore, the second order coupling matrix rather than the ﬁrst one is needed to describe the
one-phonon process [37, 40]:
2
′2 ρ∆EDA
(8)
kDA = VDA
Vs-b
2 N
∆EDA
The above two energy transfer equations (Eq.(5) and
Eq.(8)) to describe the same process are similar except
2
in the denominator of Eq.(8)
that there is a term ∆EDA
which makes the prediction on the gap dependence of
energy transfer rate diﬀerent from that by Eq.(5).
In our previous work [40], we have demonstrated
′
that VDA and Vs-b
are independent of the energy gap
for the systems they studied. The ratio of ρ∆EDA
(ρ47 cm−1 /ρ76 cm−1 ) at diﬀerent gaps for the systems we
studied is assumed to be x1 (in melt at 403 K), x2 (in
melt at 473 K), and x3 (in D2 O saturated solution at
296 K). The parameter, N , is gap dependent. For the
emission processes with gaps 47 and 76 cm−1 , the ratios
of N (47 cm−1 )/N (76 cm−1 ) are 1.54/1 (melt at 403 K),
1.55/1 (melt at 473 K), and 1.51/1 (D2 O solution at 296
K), respectively. Summarizing the above discussions,
the energy gap dependence of the vibrational energy
transfer rate constants predicted by Eq.(5) and Eq.(8)
are listed in Table II. For comparison, we also list the
experimental energy transfer rate ratios and that reproduced by Eq.(1) in Table II.
To estimate the photon densities, we measured the
Raman spectra of samples. Figure 6(a) displays the
Raman spectrum of GdmSCN/KSCN=1/1 H2 O saturated solution at 296 K. Figure 6(b) displays the Raman
spectrum of GdmSCN/KSCN=1/1 in melts at 403 K.
The peak intensity increases from 50 cm−1 to 80 cm−1
in a continuous way. In addition, the isotope labeling
does not change the internal vibrational modes of SCN−
at frequencies below 100 cm−1 where the energy gaps
among the nitrile stretches are (their corresponding Raman spectra are provided in supplementary material),
because no internal vibrational modes of the SCN− reside at such low frequencies.
If the relative phonon densities are proportional to
the Raman spectral intensities at diﬀerent frequencies
(which is a reasonable assumption for many cases), x1
and x2 can be determined to be <50% (melts) and
x3 <30% (D2 O solution), according to the Raman spectra in Fig.6. As shown in Table II, the predictions
DOI:10.1063/1674-0068/29/cjcp1602028

FIG. 6 (a) Raman scattering spectrum of GdmSCN/KSCN=1/1 H2 O solution at 296 K. (b) Raman scattering spectrum of GdmSCN/KSCN=1/1 in melts at 403 K.

of Eq.(5) are oﬀ from the experimental results largely.
Meanwhile, the predictions of Eq.(8) cannot reproduce
the experimental results perfectly as Eq.(1).
Summarizing the above discussion, we can see that
the prediction of either Eq.(5) or Eq.(8) cannot describe
all the experimental results. However, it can be quantitatively described by the dephasing mechanism.
IV. CONCLUSION

In this work, we systematically studied intermolecular vibrational energy transfers in the same systems
in melts at two diﬀerent temperatures and in solutions
at room temperature, respectively. Experimental results suggest that in both melts and solutions both resonant and nonresonant intermolecular vibrational energy
transfers are dominated by the dephasing mechanism.
In both types of samples, the energy transfer is faster
c
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with a smaller donor/acceptor energy gap, independent
of the Raman spectra. The energy gap dependences of
the nonresonant energy transfers cannot be described
by the phonon compensation mechanisms with the assumption that the relative phonon densities are similar
to the Raman spectra. Instead, the experimental energy gap dependences can be quantitatively reproduced
by the dephasing mechanism. The results also suggest
that local structures, phonon modes and densities, and
molecular motions in the molten salts at the time scales
of a few to hundreds of ps are diﬀerent from those in
corresponding crystals.
Supplementary materials: The kinetic model of energy transfer and experimental data analysis process are
given.
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