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ABSTRACT: In general, intermolecular distances in condensed phases at the angstrom scale are difficult to measure. We were
able to do so by using the vibrational energy transfer method, an ultrafast vibrational analogue of Förster resonance energy
transfer. The distances among SCN− anions in KSCN crystals and ion clusters of KSCN aqueous solutions were determined with
the method. In the crystalline samples, the closest anion distance was determined to be 3.9 ± 0.3 Å, consistent with the XRD
result. In the 1.8 and 1 M KSCN aqueous solutions, the anion distances in the ion clusters were determined to be 4.4 ± 0.4 Å.
The clustered anion distances in aqueous solutions are very similar to the closest anion distance in the KSCN crystal but
significantly shorter than the average anion distance (0.94−1.17 nm) in the aqueous solutions if ion clustering did not occur. The
result suggests that ions in the strong electrolyte aqueous solutions can form clusters inside of which they have direct contact
with each other.

1. INTRODUCTION
Short-ranged transient intermolecular interactions, for example,
guest/host interactions, ion/ion interactions, and ion/molecule
bindings, play significant roles in chemistry and biology.
Electronic energy transfer methods, for example, Förster
resonance energy transfer (FRET), are routinely applied to
measure the distance between two molecules in many of these
interactions.1,2 In these methods, chromophores that can
transfer and accept energy in the visible and near-IR frequency
range are required to attach to molecules. The chromophores
are typically at the size of 1−2 nm or larger, which is not only
much larger than many of the intermolecular distances but also
can perturb the molecular interactions under investigation. To
probe molecular distances at the angstrom scale, what is needed
is an ultrafast vibrational analogue of FRET of which the
chromophores are simple chemical bonds (1−2 Å).
Here, by measuring ultrafast vibrational energy transfers in

model systems of KSCN (potassium thiocyanate) crystals and
aqueous solutions, we demonstrate that angstrom molecular
distances in condensed phases can be determined. In this paper,
we first present anisotropy decay and vibrational energy
exchange data to show that vibrational energy can transfer
resonantly among SCN− anions and nonresonantly from SCN−

to S13C15N− with much slower rates in KSCN/KS13C15N mixed

crystals. A kinetic model is then developed to quantitatively
analyze the resonant energy transfer data to obtain the resonant
energy transfer time between two adjacent anions in the
crystals. To convert the energy transfer time into distance, an
equation based on the dephasing mechanism and the time-
dependent Schrodinger equation is derived to correlate the
energy transfer time with the energy donor/acceptor coupling
strength, which is quantitatively correlated to the donor/
acceptor distance under the dipole/dipole interaction. On the
basis of the energy transfer equation and the dipole/dipole
interaction equation and the measured energy transfer time, the
distance between the two adjacent anions is calculated. The
calculated distance is then compared to the distance measured
by XRD. Within experimental uncertainty, the two values are
the same. The uncertainty introduced by the point dipole
assumption used in the method is then calculated based on the
monopole theory. It is found that the uncertainty is very small,
only ∼1.3%, mainly because the donor/acceptor distance is
more than three times larger than the sizes of the donor/
acceptor. After benchmarking the vibrational energy transfer
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method with the crystalline sample, the method is used to
determine the anion distance in the ion clusters of KSCN
aqueous solutions. It is found that within experimental
uncertainty, the anion distance in the clusters is the same as
that in the crystal.

2. EXPERIMENTS AND METHODS
2.1. Laser System. A ps amplifier and a fs amplifier are

synchronized with the same seed pulse. The ps amplifier pumps
an OPA to produce ∼0.8 ps (vary from 0.7−0.9 ps in different
frequencies) mid-IR pulses with a bandwidth of 10−35 cm−1 in
a tunable frequency range from 400 to 4000 cm−1 with an
energy of 1−40 μJ/pulse (1−10 μJ/pulse for 400−900 cm−1

and >10 μJ/pulse for higher frequencies) at 1 kHz. Light from
the fs amplifier is used to generate a high-intensity mid-IR and
terahertz supercontinuum pulse with a duration of <100 fs in
the frequency range from <10 to >3500 cm−1 at 1 kHz. In
nonlinear IR experiments, the ps IR pulse is the excitation beam
(the excitation power is adjusted based on need, and the
interaction spot varies from 100 to 500 μm). The super-
continuum pulse is the probe beam that is frequency-resolved
by a spectrograph (the resolution is 1−3 cm−1, dependent on
the frequency), yielding the detection axis of a 2D IR spectrum.
Two polarizers are added into the detection beam path to
selectively measure the parallel or perpendicular polarized
signal relative to the excitation beam.
2.2. Vibrational Energy Transfer Measurements. Vibra-

tional lifetimes are obtained from the rotation-free 1−2
transition signal Plife = P|| + 2 × P⊥, where P|| and P⊥ are
parallel and perpendicular data, respectively. The time-depend-
ent anisotropy values are acquired from r(t) = (P|| − P⊥)/(P|| +
2 × P⊥), with the definition of time zero being a pump−probe
delay of zero. The resonant energy transfer rate constants and
the molecular rotational time constants in the samples are
obtained from the anisotropy measurements. The isotropic
distribution of a sample within the laser focus spot is tested by
measuring the initial anisotropy values of the sample at different
angles relative to the polarization of the excitation beam.
The nonresonant vibrational energy transfers among the

regular KSCN and isotope-labeled KS13C15N and KS13CN are
measured with the vibrational energy exchange method.3−5 In
the measurements, the donor vibrational mode, for example,
the CN (nitrile) stretch of KSCN is excited to its first
vibrational excited state with an ultrafast IR pulse. The time-
dependent decay of this CN first excited-state population is
then monitored in real time with another laser pulse.
Simultaneously, the first excited-state population of the
acceptor mode, for example, the 13C15N stretch of KS13C15N,
is also monitored in real time right after the donor is excited to
its first excited state. Simultaneous analyses of the decay of the
donor first excited-state population and the growth and decay
of the acceptor first excited-state population according to the
energy transfer kinetic model3−5 quantitatively yield the
vibrational energy transfer rate constant from the donor to
the acceptor. Here, the vibrational mode that is excited by the
laser is defined as the “donor”. The mode that is not excited by
laser but can accept energy from the donor is defined as the
“acceptor”. Experimentally, we can change the frequencies of
the laser to selectively excite either the CN or 13C15N stretch so
that both forward and backward energy transfers between these
two stretches can be determined. The resonant energy transfers
among the thiocyanate anions are measured with the resonant
energy transfer induced anisotropy decay method.4,6 In these

measurements, the nitrile stretch of one anion, for example,
SCN−, is excited to its first excited state. The decay of the
anisotropy value of this vibrational excitation signal is then
monitored in real time. Simultaneous analyses on the
anisotropy decays in samples with different mixed KSCN/
KS13C15N ratios quantitatively yield both the resonant energy
transfer rate constant and the rotational time constant of the
anion.

2.3. Samples. Unless specified, chemicals were purchased
from Sigma−Aldrich and used without further purification.
KS13C15N was purchased from Cambridge Isotope Laboratory.
The samples were thin films of polycrystalline KSCN/
KS13C15N mixed crystals with different molar ratios blended
with ∼50 wt % PMMA. The thickness of the sample is
estimated to be a few hundred nm based on the CN stretch
optical density. An optical image of a sample is provided in
Figure S1 in the Supporting Information (SI). The function of
PMMA was to suppress scattered light. The samples were
placed in a vacuum chamber during measurements. There are
four reasons to use KSCN and KS13C15N and KS13CN as
model systems: (1) the vibrational lifetimes of the nitrile
stretches are relatively long (longer than 30 ps in D2O solutions
and even longer in the crystals as included in the SI);4 (2) the
transition dipole moments of the nitrile stretches are relatively
large (0.3−0.4 D);4 (3) the distance between any two anions in
the KSCN crystal is well-characterized with XRD and neutron
scattering, which can be used to benchmark the distance
determined by the vibrational energy transfer method;7 and (4)
the phonon dispersion in the KSCN crystal was well-
characterized before.8,9

The purpose of using different-isotope-labeled thiocyanate
anion mixed samples, for example, a KSCN/KS13C15N mixed
crystal with different molar ratios, is 2-fold, (1) to shift the
vibrational frequency of the nitrile stretch as the vibrational
frequency of the CN stretch is different from that of the 13C15N
stretch and (2) to change the number of resonant energy
transfer acceptors in the samples without changing the
crystalline structure or ion cluster structure because the isotope
labeling has negligible effects on the intermolecular interaction
between two thiocyanate anions that determines their distance
and relative orientation.10

3. RESULTS AND DISCUSSION
3.1. Vibrational Energy Transferring among SCN−

Anions in the KSCN Crystal. Figure 1 displays the time-
dependent normalized anisotropy values of the nitrile stretch
(1st excited state) excitation of thiocyanate anion in two
samples, (A) a 2% KS13C15N in 98% KSCN (KS12C14N) mixed
crystal (black) where S13C15N− is excited and (B) a pure KSCN
crystal (red) where SCN− is excited. In sample A, the
anisotropy decays relatively slowly, with a single-exponential
time constant of ∼12 ps, and its residual anisotropy value at the
delay time of 40 ps is ∼50% of its initial value. In sample B, the
anisotropy decays much faster, with a time constant ∼1.8 ps. Its
residual anisotropy value at 40 ps is only ∼12% of the initial
value. In general, the anisotropy decays have two possible
molecular origins, (1) molecular reorientational motions and
(2) energy transfers to molecules with different orientations.
Both contribute to the orientational randomization of vibra-
tional excitations and lead to the decay of signal anisotropy.11

In the two samples, the crystalline structures and molecular
interaction strengths are expected to be hardly changed by the
isotope labeling with 13C and 15N on the anions because the
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electronic structures of the atoms are expected to be little
affected by the small changes of the atomic mass of the
isotopes10 and thus are essentially the same. Therefore, the
anisotropy decays caused by molecular reorientational motions
(wobbling) are very similar for the two samples. The observed
large difference in anisotropy decay rate can only be caused by
different energy transfer dynamics in the two samples.
In sample A, most of the neighbors of any excited S13C15N−

are SCN− (S12C14N−). In sample B, all neighbors of the excited

SCN− are also SCN−. The nitrile stretch energy transfer rate
from a S13C15N− to a SCN− is very different from the rate for
energy transfer from one SCN− to another SCN−. As
measured, the 0−1 transition frequency of the nitrile stretch
of S13C15N− is 1975 cm−1, 75 cm−1 smaller than that (2050
cm−1) of SCN−. The vibrational energy exchange rate between
SCN− and S13C15N− was directly measured using the
vibrational energy exchange method.4 From the 2D IR spectra
shown in Figure 2, our vibrational energy exchange kinetic
model,3,4 and the principle of detailed balance, which requires
that at equilibrium the populations at two energy levels fulfill
the Boltzmann distribution, the energy transfer time constant
(1/kS13C15

N
−
→SCN

−) from S13C15N− (1975 cm−1) to SCN− (2050
cm−1) is determined to be 140 ± 7 ps in a KSCN/KS13C15N =
1/1 mixed crystal. Details of this analysis are provided in the SI.
This result indicates that the anisotropy decay caused by the
two-stepped energy transfer from one S13C15N− to one SCN−

and from this SCN− to another S13C15N− must be slower than
236 ps (the sum of the energy transfer times of the two-step
energy transfer processes: 140 + 140 × e−75/200 = 236 ps) in
sample A. This value is significantly longer than the measured
anisotropy decay constant of 12 ps in sample A, indicating that
the contribution of nonresonant energy exchanges between
S13C15N− and SCN− to the experimentally measured total
anisotropy decay in sample A is negligible on this time scale.
The contribution from resonant energy transfers among
S13C15N− is also very small because the number of resonant
energy acceptors in sample A is only 1/50 of that in sample B,
which implies that the resonant energy transfer time in sample
A should not be faster than 90 ps (1.8 × 50 = 90 ps) as the total
energy transfer rate is linearly proportional to the total number

Figure 1. Time-dependent normalized anisotropy values of the nitrile
stretch (1st excited state) excitation of the thiocyanate anion in two
samples at room temperature: (A) a 2% KS13C15N in 98% KSCN
mixed crystal (black) where S13C15N− is excited and (B) a pure KSCN
crystal (red) where SCN− is excited. The decay of anisotropy indicates
how fast the orientation of the vibrational excitation randomizes. Dots
are data. Curves are single-exponential fits with time constants of 12
(sample A) and 1.8 ps (sample B). The 2 and 100% labels in represent
the percentage of the resonant energy acceptors in the samples.

Figure 2. (A−D) Delay-time-dependent vibrational energy exchange 2D IR spectra of a KSCN/KS13C15N = 1/1 mixed crystal at room temperature.
The growth of cross peaks 5−8 indicates how fast the vibrational energy exchange proceeds between SCN− and S13C15N−. (E,F) Delay-time-
dependent normalized intensities of peaks 1, 3, 5, and 7. Dots are experimental data, and curves are calculations based on the energy exchange kinetic
model and experimentally measured vibrational lifetimes. Peaks 1 and 2 are the 0−1 and 1−2 transitions of the CN stretch, respectively, generated
from direct laser excitation. Peaks 3 and 4 are the 0−1 and 1−2 transitions of the 13C15N stretch, respectively, generated from direct laser excitation.
Peaks 5 and 6 are the 0−1 and 1−2 transitions of the 13C15N stretch, generated from the energy transfer process from CN to 13C15N. Peaks 7 and 8
are the 0−1 and 1−2 transitions of the CN stretch, generated from the energy transfer process from 13C15N to CN.
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of available resonant energy acceptors. Therefore, the observed
initial anisotropy decay with a time constant of 12 ps in sample
A is mainly from the molecular wobbling motions inside of the
crystal plus a small contribution from vibrational energy
transfers. The observed anisotropy decay with a time constant
of 1.8 ps in sample B is mainly caused by resonant energy
transfers among SCN− anions plus a small contribution from
molecular wobbling.
In contrast with the resonant vibrational energy transfer from

one donor to randomly orientated acceptors in liquids, which
causes anisotropy to decay to zero,4,6 the anisotropy does not
decay to zero in the KSCN crystalline samples because the
molecular orientations inside of the crystal are roughly confined
to planes because the rotational motion (wobbling) of SCN− is
hindered, and therefore, the orientations are not random. As
shown in the crystalline structure in Figure 3,7 two adjacent
anions in the KSCN crystal are either perpendicular or parallel
to each other. The two shortest distances between the CN
bond central points, 4.017 and 4.026 Å,7 are both between
perpendicular anion pairs (Figure 3B). In both cases, the
connection lines between the central points of the CN bonds
are not perpendicular to the transition dipole moment direction
of either CN stretch, which is along the CN bond direction.
This structure allows vibrational energy to transfer from one
anion to another perpendicular anion through the second term
of the dipole−dipole interaction (μ·μ/r3 − 3(μ·r)(μ·r)/r5).
3.2. Transfer Energy Time from One SCN− to One

Adjacent Perpendicular SCN− 4.017 Å Away: 27 ± 3 ps.
To extract the resonant energy transfer rate constant between
two CN stretches from the anisotropy measurements, we

developed a kinetic model that accounts for both molecular
wobbling and resonant energy transfer. As illustrated in Figure
4A, in the crystal at room temperature, the wobbling motions
and vibrational energy transfers of SCN− anions occur
simultaneously with different time constants. Experimentally,
by adjusting the laser intensity and spot size, only 0.1−0.5% of
the anions are excited by the laser within the laser focus spot. In
other words, for one energy donor, on average, there are about
200−1000 acceptors available to which energy transfer is not
completely negligible. Therefore, in the kinetic model, the
model sample is a small KSCN crystal with a finite number of
anions. Crystals with three different sizes are used in the
analyses, (1) with 108 anions (∼three layers), (2) with 500
anions (∼five layers), and (3) with 1372 anions (∼seven
layers). In each small crystal, only the central SCN− anion is the
original energy donor excited by the laser, which is called the
zeroth molecule (Figure 4B). Other anions are initial energy
acceptors, which are called the first, second, ..., ith, and jth
molecules. The vibrational energy can exchange among all
anions, as illustrated in Figure 4C. Besides transferring energy,
the anions can also wobble with a time constant τc. Both
dynamic processes cause the anisotropy of the CN stretch
excitation to decay. Because the wobbling motion is a hindered
rotation and the orientations of the crystallites in the powder
sample are random, there will be a residual anisotropy A∞ at
the infinitely long delay time.
On the basis of the physical picture described above, the CN

stretch excitation probabilities are related to the experimentally
measured anisotropy r(t) by

Figure 3. Crystalline structure of the KSCN crystal at room temperature. K is represented by purple balls, yellow balls for S, gray balls for C, and
blue balls for N.

Figure 4. (A) Illustration of molecular wobbling and vibrational energy transfer from the donor (D) to acceptor (A). ψD and ψA are the wobbling
angles of D and A, respectively. (B,C) Energy exchange process.
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where p0(t), p||(t), and p⊥(t) are the vibrational excitation
probabilities of the zeroth molecule, all other anions parallel to
the zeroth anion, and all anions perpendicular to the zeroth
anion, respectively, which are determined by the energy transfer
rate constants kij between any two anions i and j. r0(t), r||(t),
and r⊥(t) are the anisotropy values of the zeroth SCN−, all
other SCN− parallel to the zeroth SCN−, and all SCN−

perpendicular to the zeroth SCN−, respectively (detailed
derivations are provided in the SI).12,13
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in which τc is the reorientational time constant and A∞ is the
residue reorientation anisotropy at the infinitely long delay
time.
In using eq 1 to analyze the resonant vibrational energy

transfer rates in the KSCN mixed crystals, only three
parameters are unknown, the residue anisotropy A∞, the
reorientational time constant τc, and the energy transfer rate
constant (1/k01′) between the two perpendicular anions with
the shortest CN distance of 4.017 Å (Figure 3B). The rate
constants between any other two anions can be determined
based on 1/k01′ and eqs 9−11 described in a later paragraph.
Experimentally, by varying the ratio of KSCN/KS13C15N, the
values of k01′ (and therefore the total energy transfer rate
constant k) and τc can be respectively constrained into a very
small range, for example, as discussed above, the anisotropy
decay time constant in the KS13C15N/KSCN = 2/98 sample
must be very close to τc (10 ps) and that in the pure KSCN
crystal must be close to 1/k (1.8 ps). Calculations with
parameters A∞ = 0.70 ± 0.06, 1/k01′ = 27 ± 3 ps, and τc = 10.0
± 1 ps simultaneously fit the experimental results of five
samples (donor/acceptor = 2/98, 14/86, 35/65, 65/35, and
100/0) very well, as displayed in Figure 5. (We also calculated
the time-dependent anisotropies by considering the convolu-
tion of the signal with the instrument response function and
found no difference between the deconvoluted and undecon-
voluted results. The results are provided in the SI.) We also
found that analyses on crystals with different numbers of anions
(108, 500, and 1372) give essentially the same rate constants.
The difference is within 2%. This is because in the dipole/
dipole interaction or higher-order interactions involved in
energy transfers, the anisotropy decay is mainly the result of the
energy transfers among the closest anions. All of the energy
transfer time constants 1/kij determined with a model crystal
with 500 SCN− anions are listed in Table S2 in the SI.
3.3. Resonant Vibrational Energy Transfer Rate

Determined by the Coupling Strength and Dephasing
Time. The energy transfer rate constant can be theoretically
correlated to the D/A distance. For the energy transfer system,
the system state can be expressed as
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where ωD and ωA are the 0−1 transition frequency of the donor
and the acceptor, respectively. |D = 1, A = 0⟩ is the donor state
where the donor (D) is at the first excited state and the
acceptor (A) is at the ground state, and |D = 0, A = 1⟩ is the
acceptor state where the donor (D) is at the ground state and
the acceptor (A) is at the first excited state. c1(t) and c2(t) are
the coefficients of these two states, with |c1(t)|

2 + |c2(t)|
2 ≡ 1.

Substituting eq 5 into the time-dependent Schrödinger
equation, we can obtain using the rotating wave approximation

ω β

ω ω β

ω β

= Δ +

−
Δ Δ +

Δ +

ωΔ

⎡

⎣
⎢⎢⎢

⎡
⎣⎢

⎤
⎦⎥

⎡⎣ ⎤⎦
⎤

⎦
⎥⎥⎥

c t
t

( ) e cos
2

( ) 4

i
sin ( ) 4

( ) 4

t

t

1
(1/2)i 2 2

2
2 2

2 2

(6)

β ω β

ω β
=

Δ +

Δ +

ω− Δ ( )
c t( )

2 e sin ( ) 4

( ) 4

t t

2

(1/2)i
2

2 2

2 2
(7)

where Δω = ωA − ωD and β = ((⟨D = 1,A = 0|H|D = 0,A = 1⟩/
ℏ) = (⟨D = 0,A = 1|H|D = 1,A = 0⟩/ℏ)), where H is the system
Hamiltonian. For an ensemble of D/A pairs with each pair
evolving with eqs 6 and 7, the coherence is proposed to be
terminated by an abrupt dephasing event at time tc so that the
D/A pair will stay in the acceptor state with probability |c2(tc)|

2.
For the ensemble, the average probability on the acceptor state
is P = ∫ 0

∞|c2(tc)|
2p(tc) dtc, where p(tc) = τ−1e−tc/τ is the

probability of dephasing at time tc with ∫ 0
∞ p(tc) dtc = 1.14 τ is

the dephasing time during which the dephasing probability is
equal for any time interval, and it can be determined from the
energy-mismatch (Δω)-dependent energy transfer experiments
(details are provided in the SI). The population growth rate
constant of the acceptor, is therefore

τ
β

ω β τ
= =

Δ + +
τ

−k
P

2
( ) 4p

2
1

2 2 2
(8)

Figure 5. Time-dependent anisotropies of KSCN/KS13C15N mixed
crystals with different molar percentages of resonant energy donor
species at room temperature. Dots are experimental results, and curves
are calculations. Each percentage value in the figure represents the
percentage of the resonant energy acceptor in each sample.
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Because the population growth rate constant is the sum of
the energy transfer rate constant from the donor to the
acceptor and acceptor to donor (the derivation is provided in
the SI) and the rate of acceptor to donor is determined by
detailed balance, the observable transfer rate constant from the
donor to the acceptor is

β
ω β τ

=
+

=
+ Δ + +ω ω

τ
Δ Δ −k

k

1 e
2

1 e ( ) 4DA kT kT
p

/ /
2

1

2 2 2

(9)

Equation 9 is for the weak coupling limit. In other words, it is
not suitable to describe coherent energy transfers. If the
coupling is weak, (2β)2 ≪ τ−2 (τ−2 is in energy units), and kDA
is proportional to β2, which is proportional to rDA

−6 under the
transition−dipole/transition−dipole interaction mechanism2

β
μ μ
πε

κ=
n r
1

(4 )
D A

DA

2
4

2 2

0
2

2

6
(10)

where n is the refractive index. The local field correction factor
for the refractive index2 is not used in the analysis because all
D/A pairs in the studied systems are separated by other ions
(even the closest pair has K+ cations between them). ε0 is the
vacuum permittivity. μD and μA are the transition dipole
moments of the donor and acceptor respectively. rDA is the
distance between the donor and acceptor, which is defined as
the distance between the CN center points of two SCN− anions
in the crystals. κ is the orientation factor defined in eq 11
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where κ0
2 = (sinΘD sinΘA cosΦ − 2 cosΘD cosΘA)

2, ΘD, ΘA,
and Φ are the angles defined in Figure S2 (SI), and ⟨dD⟩ = ⟨dA⟩
= (A∞)

1/2. Equation 11 is averaged over all wobbling angles.15

(The derivation is provided in the SI.)
Equations9−11 thus connect the resonant energy transfer

rate constant kDA with the D/A distance rDA. All parameters in
the equations are experimentally accessible.
3.4. Energy Donor/Acceptor Distance Determined to

Be 3.9 ± 0.3 Å from the Transfer Time Constant. From
both 1D IR and 2D IR, the transition dipole moment of the CN
stretch of SCN− in KSCN crystals was determined to be μD =
μA = 0.31 ± 0.03D. From eq 11 and XRD data and the
determined A∞ = 0.70 ± 0.06, the orientation factor between
the two closest SCN− anions is determined to be (⟨κ2⟩)1/2 =
0.378. The refractive index is n = 1.5 ± 0.05.16 The dephasing
time is τ = 0.66 ps (8 cm−1, τ = (1/2π)(100/8 × 3) ps). On the
basis of these experimental parameters and the energy transfer
time constant 1/kDA = 27 ± 3 ps, the calculation from eqs 9−11
gives the energy donor/acceptor distance (taken as the distance
between the CN central points of the donor and acceptor
because the CN stretch is mainly localized within the CN bond
according to DFT calculations) rDA = 3.9 ± 0.3 Å. This value is
very close to the XRD-determined distance of 4.017 Å.
3.5. Minor Corrections from High-Order Interactions.

In calculating electronic energy transfers, if the D/A distance is
comparable to the sizes of chromopores, the assumption of the
point dipole in the dipole/dipole interaction can cause a
significant uncertainty.17 Corrections from higher-order inter-
actions are needed to obtain more precise results. An efficient

way to solve this problem is the monopole/monopole
interaction, which counts for the charge interactions among
individual atoms.17 In the KSCN crystals studied in this work,
the two closest D/A distances are about 4 Å, which is larger but
not significantly larger than the CN bond length (1.1−1.2 Å). It
is conceivable that higher-order interactions could matter. To
address this issue, we calculated the coupling constant from the
monopole/monopole interaction and found that it is only 1.3%
different from that calculated from the dipole/dipole
interaction, which is the first-order approximation of the
monopole/monopole interaction. The calculations show that
the higher-order interactions play minor roles in the systems
studied. Detailed calculations are provided in the SI.

3.6. Anion Distances in Ion Clusters in KSCN Aqueous
Solutions: rDA = 4.4 ± 0.4 Å. Using eqs 9−11 to determine
angstrom distances from vibrational energy transfer rate
constants is not limited only to solid samples. The approach
is also applicable for liquids. We have determined that in the 1
and 1.8 M KSCN aqueous solutions, more than 25% of the ions
form clusters, and on average, the clusters contain three (1 M)
and four (1.8 M) SCN− anions.4 The resonant one-donor-to-
one-acceptor energy transfer time constants were determined
to be 15 (1 M) and 18 ps (1.8 M), respectively (Figures S6 and
S7 in the SI), based on the method introduced previously.4 The
transfer time in the 1.8 M solution seems slightly slower than
that in the 1 M solution, but the difference is within the
experimental uncertainty. On the basis of these energy transfer
time constants and eqs 9−11, the distances between two SCN−

anions in the clusters in the two solutions are determined to be
rDA = 4.4 ± 0.4 Å. Calculation details and experimental data are
provided in the SI. The determined clustered anion distances
are significantly shorter than the average anion distance (∼1
nm) in the aqueous solutions if ion clustering did not occur but
very close to the four closest anion distances (4.0 Å) in the
KSCN crystal. The result suggests that the ions inside of the
clusters have direct contact with each other.

4. CONCLUDING REMARKS

The results presented in the work demonstrate the potential of
using vibrational energy transfers as a ruler to determine both
static and transient intermolecular distances at the angstrom
scale in both liquid and solid samples. The results also show
that ions can form direct-contact ion clusters in relatively dilute
strong electrolyte aqueous solutions. We expect that the studies
of many fundamental problems in various fields will benefit
from applying the vibrational energy transfer method, for
example, the prenucleation of ions or molecules during the
growth of crystals and nanomaterials, the formations of
minerals in nature and bioinorganic composites (shells and
bones) in living creatures, and the ion/biomolecular
interactions. To achieve the ultimate goal of an “angstrom
molecular ruler”, many more studies on more delocalized
systems with shorter D/A distances and various D/A energy
mismatches are needed. Advances in laser and detection
technology for the fingerprint frequency region below 1000
cm−1 are also highly desirable for more sophisticated molecular
systems.
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Optical image of the sample 

 
Figure S1. Optical image of the KSCN polycrystalline sample mixed with 50% 
PMMA.  
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Calculation details of fig.2 
For the KSCN:KS13C15N = 1:1 non-resonant energy transfer experiments shown in 

fig.2 in the main text, we have a kinetic model 1  
13 1513 15

13 15

13 15[ ] [ ]S C N SCNS C N SCN

SCN S C N

kk k

k
S C N SCN

−→ −− −

−→ −

− −→← →←
 

where [S13C15N-] denotes the population of excited S13C15N- anion, and [SCN-] 

denotes the population of excited SCN- anion.  13 15S C N SCN
k − −→  represents the energy 

transfer rate constant from S13C15N- to SCN- and 13 15SCN S C N
k − −→  represents the transfer 

rate constant from SCN- to S13C15N-. 13 15S C N
k −  and 

SCN
k −  are the vibrational lifetimes 

of S13C15N- and SCN- , respectively. 
According to the scheme, we have kinetic equations: 

13 15 13 15

13 15 13 15 13 15

13 15

13 15
13 15 13 15

[ ] [ ] [ ] [ ]

[ ] [ ] [ ] [ ]

SCN S C N SCN SCN S C N

S C N SCN SCN S C N S C N SCN

d SCN k SCN k S C N k SCN
dt

d S C N k S C N k SCN k S C N
dt

− − − − −

− − − − − −

−
− − −

→ →

−
− − −

→ → →


= − + −


 = − + −

 . eq.S1

 
In the equations, the time dependent populations were obtained from the vibrational 
energy exchange measurements. The lifetimes were determined by pump/probe 

experiments. The rate ratio
13 15

13 15

75
200 0.69S C N SCN

SCN S C N

k

k
e

− −→

− −→

−
= =  is determined by the detailed 

balanced principle. In analyzing the energy exchange rates with eqs.1, we had only 

one unknown parameter, 13 15SCN S C N
k − −→

. Calculation results with  13 15 1 / (99 5)  ps
SCN S C N

k − −→ = ± ,

13 15 1 / (140 7) ps
S C N SCN

k − −→ = ± , 525 45 ps
SCN

k − = ± , 13 15 585 50 ps
S C N

k − = ±  fit the four experimental 

curves very well, as shown in fig.2 E&F. The analysis gives the energy transfer time 

constant from S13C15N- to SCN- ,  
13 15

140 7ps
1

SCNS C N
k −−→

= ± . 
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The derivation of orientation factor κ  

 

 
Figure S2. Illustration of Donor and acceptor dipole moment orientations. Dx and Ax 

are the symmetry axes of their distributions, D is the wobbling donor vector, ψD, θD, 

γD represent the azimuth angles. For neatness, wobbling acceptor vector A is not 

shown in the figure, and ψA, θA, γA represent the corresponding angles. 
For random donor (D) and acceptor (A) orientations, the orientation factor is 

2 2(sin sin cos 2cos cos )i D A D Aκ θ θ φ θ θ= − ,                               

  eq.S2 

where Dθ  and Aθ  are the angles between each transition dipole moment and the 

vector connecting them, and the azimuth angle is 

A Dφ φ φ= Φ + − .                                                   

     eq.S3 
The orientation of D is related to A by the following identities 

sin cos sin cos cos sin cosD D D D D D Dφ φ ψ ψ γ= Θ − Θ      eq.S4 

cos cos cos sin sin cosD D D D D Dθ ψ ψ γ= Θ + Θ       eq.S5 

sin cos sin cos cos sin cosA A A A A A Aφ φ ψ ψ γ= Θ − Θ      eq.S6 

cos cos cos sin sin cosA A A A A Aθ ψ ψ γ= Θ + Θ .      eq.S7 

Substituting eq.S4~7 into eq.S2 and averaging over the dynamic azimuthal angles Dγ  



 
 

5 

and Aγ , we obtain cos sin cos sin 0γ γ γ γ〈 〉 = 〈 〉 = 〈 〉 =  and 

2 2cos sin 1/ 2γ γ〈 〉 = 〈 〉 =  .                                

 eq.S8 

Over the appropriate ranges of  Dγ  and Aγ , one sees that the (dynamic) 

average value of the orientation factor is 

2 2
0

2 2

1 1(1 ) (1 )
3 3

cos (1 ) cos (1 )

D A D A

D D A A A D

d d d d

d d d d

κ κ= + − + −

+ Θ − + Θ −
 ,           eq.S9 

where 2 (cos )D Dd P ψ= , 2 (cos )A Ad P ψ= , with 2
2 ( ) (3 1) / 2P x x= −  is the 

second Legendre polynomial, and 
2 2
0 (sin sin cos 2cos cos )D A D Aκ = Θ Θ Φ − Θ Θ .                         

 eq.S10 

In next section, we’ll derive D Ad d A∞= = , where A∞  is the residue 

reorientation anisotropy value at the infinitely long waiting time. 
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Anisotropy of parallel and perpendicular anions 

 
Figure S3. Illustration of wobbling model, the dipole symmetry axis wobbles within a 

cone of semiangle 0θ  

The definition of anisotropy is 

||

||

( ) ( )
( )

( ) 2 ( )
I t I t

r t
I t I t

⊥

⊥

−
=

+
,            eq.S11 

in which || ( )I t  and ( )I t⊥  are the pump probe signals with the detection 

polarizations are respectively parallel and perpendicular to the excitation . 
Similar to the results that had been derived for librational motion on fluorescence 

depolarization 2, r(t) can be expressed in terms of a correlation function as 

2( ) (0) [ (0) ( )]r t r P t= ⋅ ⋅μ μ ,           eq.S12 

where (0)μ  and ( )tμ  are the unit  transition dipole vector at time 0 and t, 

respectively. (0)r  is the initial anisotropy of the total signal, the angular brackets 

denote an equilibrium average, and 2
2 ( ) (3 1) / 2P x x= −  is the second Legendre 

polynomial.  

To determine ( )r ∞  we use the addition theorem for the spherical harmonics 2, and 

rewrite eq.S12 as  
2

*
2 2

2
( ) (0) [ (0), (0)] [ ( ), ( )]m m

m
r t r C C t tθ φ θ φ

=−

= ∑ ,      eq.S13 
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where ( , )lmC θ φ  are the modified spherical harmonics, and the spatial angles θ  and 

φ  specify the orientation of dipole moment. When t →∞ , lim (0) ( )
t

A B t A B
→∞
〈 〉 = 〈 〉〈 〉 , 

therefore,  the residue reorientation anisotropy at the infinitely long waiting time 

22
20 2

( ) | | (cos )
(0)

rA C P
r

θ∞

∞
≡ = 〈 〉 = ,        eq.S14 

where θ is the angle between dipole and its symmetry axis, and 2 (cos )P θ  can be 

determined by the wobbling angle 0θ  by 2 

2 0 0
1(cos ) cos (1 cos )
2

P θ θ θ= + .                                                

  eq.S15 
Therefore, we can obtain the wobbling angle from the measured value of residue 
anisotropy by the expression 

2

0 0
1 cos (1 cos )
2

A θ θ∞
 = +  

  .                                                       

  eq.S16 
For the 0th SCN- anion (see Figs. 4B and 4C), time dependent anisotropy caused 

by its rotation is single exponential with a residue 2,3: 

20
2

( ) [cos ( )] (1 )exp( / )
(0) c

r t P t A t A
r

θ t∞ ∞= = − − +  ,     eq.S17 

where cτ  is the rotational time constant. For the other anions, which act as energy 

acceptors, their anisotropy values can be calculated as follow. 
According to Soleillet's theorem, if a series of depolarizing events intervenes 

between absorption and emission and each reorientation is azimuthally isotropic with 
respect to the preceding one, the anisotropy can be written as 4,5  

20.4 (cos )i
i

r P θ= ∏ ,           eq.S18 

where iθ  is the angle by which the transition moment is changed in the ith 

depolarization step. 
It was demonstrated, the transfer depolarization process depicted in Fig.4A is 

entirely equivalent to the reorientation of Di to the axial orientation Dx followed by 
the transfer to the acceptor in its axial orientation Ax and reorientation to Aj 5. Since 
Dx and Ax are axially symmetrically distributed about Dx and Ax, respectively, and 
the azimuthal orientation of Ax about Dx (being a particular case of Aj about Di) is 
random, Soleillet's theorem applies, and the average transfer depolarization factor is 



 
 

8 

the product of the three depolarization factors, corresponding to the three depolarizing 
events described above. Therefore, we have, 

2 2 2

2 2 2

( ) [cos ( )] [cos ( )] [cos ( )]
(0)

( ) (cos ) (cos ) (cos )

i j j i i jD D i D A i A A i

rot D T A

r t P t P t P t t
r

R t P P P

θ θ θ

ψ ψ

= −

≈ Θ
 ,  eq.S19 

where Dψ , Aψ  and TΘ  were defined in Fig.S2, and we have demonstrated 

2 2(cos ) (cos )D AP P Aψ ψ ∞= = , and  ( ) (1 )exp( / )rot cR t A t At∞ ∞= − − +  (see 

eq.S15). 

According to eq.S19, for the anions with direction parallel to 0th, 0,TΘ =  and 

||
2

( )
( ) (cos 0)

(0)
[(1 )exp( / ) ]

rot

c

r t
R t A P

r
A A t At

∞

∞ ∞ ∞

=

= − − +
 ,        eq.S20 

For anions perpendicular to 0th anion, similarly,  

2
( ) ( ) (cos )

(0)
1 [(1 )exp( / ) ]
2

rot

c

r t R t A P
r

A A t A

p

t

⊥
∞

∞ ∞ ∞

=

= − − − +
  ,    eq.S21
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Deconvolution results of waiting time dependent anisotropies in fig. 5 

 

Figure S4. Deconvolution results of waiting time dependent anisotropies of 

KSCN/KS13C15N mixed crystals with different molar percentages of resonant energy 

donor species at room temperature. The experimental results are from fig.5. The 

deconvolution results were obtained by fitting the parallel and perpendicular 

polarized pump/probe signal respectively in consideration of the convolution with the 

instrument response function,6 and then followed by the calculation of anisotropy. 
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FTIR measurement and lineshape fitting 
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Figure S5. FTIR spectrum of the KSCN crystal. The square dots are experimental 

data, and the solid line is the  fitting result with a Lorentzian. 

Figure S5 is the FTIR spectrum of KSCN crystal in the CN stretch vibrational 
frequency range. It can be fit with a Lorentzian very well. The Lorentzian lineshape 
has a function form of 

0 2 2
2

4( )c

A wy y
w w w

π
= +

− +  ,        
eq.S22 

where w is the Lorentzian linewidth, all fitting parameters are 

0 0.0063,  2049.79,  9.96,  4.96cy x w A= − = = = .  
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Correction from high order interactions - monopole approximation, description 
and calculation 

According to the transition monopole approximation, the interaction matrix can 
be obtained by considering the detailed interaction between the effective electron 
charges (“monopoles”) in the transition moment located at the equilibrium positions 
of the nuclei of the atoms. By making use of the zero-differential overlap 
approximation, and the point charge approximation for two center atomic Coulomb 
integrals, the interaction matrix element can be written as 7 

, ,
, 1

~ ( ) ( ) 1/
AN

AB A B A B
M i e j e i j

i j
U U CM CM e

=

= −∑ R R  ,   eq.S23 

where A
iR  and B

jR  are the nuclear equilibrium positions of the ith atom of 

molecule A and the jth atom of molecule B, respectively. NA is the total number of 

atoms which contribute electrons, ε  is dielectric constant, and ,( )A
i eCM  is the 

transition monopole in molecule, which was defined as the transition charge located at 

the equilibrium position iR  of atom i in the molecule when it is undergoing a 

transition between the ground and excited states. 
Eq. S23 can be expanded in Taylor series about R, with the dipole interaction as 

the lowest order, i.e. 

0 0 0 0 2 3
, ,

, 1
( ) ( ) [ 3( )( ) / ] /

AN
A B

D i e j e iA jB iA jB
i j

U CM CM R Re
=

= ⋅ − ⋅ ⋅∑ R R R R R R
, 

eq.S24 

where 0
iAR  is the nuclear equilibrium position of the ith atom in molecule A with 

reference to the center of molecule A, 0
jBR  is defined similarly, and R is distance 

vector from the center of A to the center of B with R is the distance. 
   Considering the interaction between two CN stretching modes located on 
different molecules in KSCN crystal, there are only two atoms (C and N) involved in 
the vibration for each of the molecule, therefore, NA = 2, i, j = C or N, and the 
transition monopoles have the relation: 

, , , ,( ) ( ) ( ) ( )A B A B
C e C e N e N eCM CM CM CM C= = − = − = , with C is a transition charge 

constant. 
   Eqs. S23 and S24 can be calculated by substituting all the related coordinates of 
C and N atoms (with the unit of Å) according to the crystal structure of KSCN, e.g. 
for a pair of CN with the strongest coupling, we have (without considering the 
wobbling): 
Table S1.  Calculation parameters and results for the pair of CN with the strongest 
coupling 
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A
CR  (5.16, 1.96, 1.89) 0

CAR  (-0.399, -0.410, 0) R (2.22, 3.36, 0) 

A
NR  (5.96, 2.78, 1.89) 0

NAR  (0.399, 0.410, 0) R 4.026 

B
CR  (8.18, 5.32, 1.89) 0

CBR  (0.399, -0.410, 0) ABU  0.01218 C2 

B
NR  (7.38, 6.14, 1.89) 0

NBR  (-0.399, 0.410, 0) 
DU  0.01202 C2 

Therefore, the deviation of the coupling calculated with the dipole interaction 
from that calculated with the transition monopole approximation is 

( ) / 1.3%AB
D DU U U− = . 
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Vibrational excitation probabilities of parallel and perpendicular anions 
As illustrated in fig.4B&4C, in each small crystal, only the central SCN- anion is the 
original energy donor excited by the laser, which is called the 0th molecule. Other 
anions are initial energy acceptors. The vibrational energy can exchange among all 
anions. As a result, the resonant vibrational energy transfer kinetics can be expressed 
as 

0
0 '0 ' 0 0 0 ' 0

' '

( ) ( ) ' ( ) ( ) ( )j j j j j j
j j j j

dp t k p t k p t k p t k p t
dt

= + − −∑ ∑ ∑ ∑    eq.S25 

' ' '
' '

( ) ( ) ' ( ) ( ) ( )  i
ji j j i j ij i ij i

j i j j i j

dp t k p t k p t k p t k p t
dt ≠ ≠

= + − −∑ ∑ ∑ ∑     eq.S26 

'
' ' ' ' ' ' ' ' '

' ' ' '

' ( ) ' ( ) ( ) ' ( ) ' ( ) i
j i j ji j i j i i j i

j i j j i j

dp t k p t k p t k p t k p t
dt ≠ ≠

= + − −∑ ∑ ∑ ∑   eq.S27 

where  and i ijp k  are the probability of vibrational excitation of anion i and the 

vibrational energy transfer rate constant from anion i to anion j respectively. ijk  is 

correlated to each other through eq.9&10. In the equations, the '  mark represents the 
anions perpendicular to the 0th anion. The anions parallel to the 0th anion are 
represented by the regular symbols. Eqs.S25-S27 respectively describe the time 
dependent probability of vibrational excitation of the 0th molecule, an anion parallel to 
the 0th anion, and an anion perpendicular to the 0th molecule.  For the total excitation 
probability of all the anions parallel or perpendicular to the 0th molecule, we have 

||

0

' ' '
0 ' 0 0 0 '

( ) ( )

( ) ' ( ) ( ) ( )

i

i

ji j j j i ij i ij i
i j j i i j i j

dp t dp t
dt dt

k p t p t k k p t k p t
≠

≠ ≠ ≠ ≠

=

= + − −

∑

∑∑ ∑ ∑ ∑∑ ∑∑
         

eq.S28 
'

'

' ' ' ' ' ' ' ' '
' ' ' ' ' '

' ( )( )

' ( ) ( ) ' ( ) ' ( )

i

i

j i j j ji i j i i j i
i j j i i j i j

dp tdp t
dt dt

k p t p t k k p t k p t

⊥ =

= + − −

∑

∑∑ ∑ ∑ ∑∑ ∑∑
 eq.S29 

For the same surroundings of the molecules in crystal, the total energy transfer rate 
constant from the 0th anion to all parallel anions is 

|| ' ' ' '
' '

, ji j i ij i j
i i j j

k k k k k= = = =∑ ∑ ∑ ∑ and the total energy transfer rate constant from 

the 0th anion to all perpendicular anions is ' ' ' '
' '

j i ji ij i j
i i j j

k k k k k⊥ = = = =∑ ∑ ∑ ∑ . The 

excitation probability of all anions parallel to the 0th anion is ||
0

( ) ( )i
i

p t p t
≠

=∑ , and the 
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excitation probability of all anions perpendicular to the 0th anion is '
' 0

( ) ( )i
i

p t p t⊥
≠

=∑ . 

For samples mixed with KS13C15N, the total resonant energy transfer rate constant of 

SCN- is ||( )ck ck c k k⊥= = + , where c is the percentage of KSCN in a mixed crystal.  

Eq. S25, S28 and S29 can be rewritten as 

0
0 '0 ' || 0 0

'

( ) ( ) ' ( ) ( ) ( )j j j j
j j

dp t k p t k p t k p t k p t
dt ⊥= + − −∑ ∑       eq.S30 

||
|| 0 || 0 '0 '

'

( )
( ) ( ) ( ) ( ) ( )j j j j

j j

dp t
k p t k p t k p t k p t k p t

dt ⊥ ⊥ ⊥= + − − −∑ ∑   eq.S31 

0 ||
( ) ( ) ( ) ( )dp t k p t k p t k p t

dt
⊥

⊥ ⊥ ⊥ ⊥= + −         eq.S32 

With the initial conditions 0 ||(0) 1,  and (0) (0) 0p p p⊥= = = , using a strategy in 

literature 8,9 for a large number of acceptors ( , ' 2j j >> ), eqs.S30~32 can be 

numerically solved with 
0 0 '2 2

0
'

1 1( )       
2 2

j jk t k t

j j

e ep t
− −+ +

≈∏ ∏          eq.S33 

0 0 '2 2
2

||
'

1 1 1 1( )  
2 2 2 2

j jk t k t
k t

j j

e ep t e ⊥

− −
− + +

≈ + −∏ ∏        eq.S34 

21 1( )
2 2

k tp t e ⊥−
⊥ = − ,             eq.S35 

where ijk  and 'ijk  are correlated to each other through eqs.13&14 in the main text. 
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Calculations of clustered anion distances in 1M and 1.8M KSCN aqueous 
solutions 

We have the parameters: 1.5n = , 0.33D A Dµ µ= = , 2 / 3κ = (randomized, 

because the rotation of anion is faster than the energy transfer) and the dephasing time 

0.29 psτ =  ( 1 100
2 18 3

psτ
p

=
×

) for the 1.8M solution and 0.27 psτ =  

( 1 100
2 20 3

psτ
p

=
×

) for the 1M solution from the energy mismatch dependent 

experiments (fig.S6~7) 1,10.  
For the 1.8 M solution 

2
2 2

1
1

(2 ) 18
k

ps
τβ

β τ −= =
+

   12.3 cmβ −⇒ =  

2 3
0

1
4

D A

DAn r
µ µ κβ
πε

=      4.4 ADAr⇒ =   

For the 1M solution 

2
2 2

1
1

(2 ) 15
k

ps
τβ

β τ −= =
+

   12.5 cmβ −⇒ =  

2 3
0

1
4

D A

DAn r
µ µ κβ
πε

=      4.3 ADAr⇒ =   

 

If n = 1.42 is used (averaging the refractive indexes of D2O and KSCN), 4.5 ADAr =   

and 4.4 ADAr =   are for the 1.8M and 1M solutions respectively. 
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Figure S6. Data and calculations of nonresonant [(A) and (B)] energy transfer 
between SCN- and S13C15N- (SCN-/S13C15N-=1/1) and resonant [(C)] energy transfers 
among SCN- anions for a 1.8M KSCN aqueous solution from our previous 
publication.1 Dots are data, and lines are calculations.  Calculations for (A) and (B) 
are with input parameters: 

13 15 13 15

13 15

1 1 1 1

1 1

1/1.4 ( ); 1/ 22 ( ); 1/ 2.7 ( ); 1/ 29 ( ); 

1/10 ( ); K=0.55; 1/160 ( ); D=0.70
SCN fast SCN slow S C N fast S C N slow

clu iso SCN S C N

k ps k ps k ps k ps

k ps k ps

− − − −

− −

− − − −

− −
→ →

= = = =

= =

with pre-factors of the subgroups and offset of the bi-exponential 

13 15 13 150.16;  0.84; 0.22;  0.78;  0slowSCN fast SCN slow S C N fast S C N
A A A A offset− − − −= = = = = .  

(C) 4.5or psτ = is experimentally determined, which is the rotation time of the 

clustered ions. 4totn = , 18 psτ = . Therefore, for the same number of acceptors, the 

resonant transfer time is 18/2=9ps, and that for 175 cmω −∆ =  is 160ps. Based on 

eq.9, the dephasing width is determined to be 15.5 cm-1. 
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Figure S7. Data and calculations of nonresonant [(A) and (B)] energy transfer 
between SCN- and S13C15N- (SCN-/S13C15N-=1/1) and resonant [(C)] energy transfers 
among SCN- anions for a 1.0M KSCN aqueous solution from our previous 
publication.1  Dots are data, and lines are calculations.  Calculations for (A) and 
(B) are with input parameters: 

13 15 13 15

13 15

1 1 1 1

1 1

1/1.7 ( ); 1/ 21 ( ); 1/1.6 ( ); 1/ 28 ( ); 

1/10 ( ); K=0.38; 1/180 ( ); D=0.70
SCN fast SCN slow S C N fast S C N slow

clu iso SCN S C N

k ps k ps k ps k ps

k ps k ps

− − − −

− −

− − − −

− −
→ →

= = = =

= =  

with pre-factors of the subgroups and offset of the bi-exponential 

13 15 13 150.25;  0.75; 0.21;  0.79;  0slowSCN fast SCN slow S C N fast S C N
A A A A offset− − − −= = = = = .  

(C) 4.3or psτ = is experimentally determined, which is the rotation time of the 

clustered ions. 3totn = , 15 psτ = . Therefore, for the same number of acceptors, the 

resonant transfer time is 15/1.5=10ps, and that for 175 cmω −∆ =  is 180ps. Based on 

eq.9, the dephasing width is determined to be 15.5 cm-1. 
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Figure S8. FTIR spectra of 1M and 1.8M KSCN in D2O solutions. The Lorentzian 
line width for both samples is 32 cm-1, giving the dephasing width 16 cm-1. 
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Calculations of the transition dipole moment of the CN stretch in KSCN crystal  
 
The transition dipole moment of the CN stretch was calculated by comparing the 
FTIR spectra and the 2D-IR signals for both of the CO stretch in the molecule 
(CH3C5H4)Mn(CO)3 and the CN stretch in KSCN crystal. Under the same 
experimental conditions, e.g. the pump intensity, the signal intensities can be 
expressed as: 

2
1FTIR CO COI C µ− =          eq.S36 

2
1FTIR CN CNI C µ− =          eq.S37 

4
2 2DIR CO COI C µ− =          eq.S38 

4
2 2DIR CN CNI C µ− =  .        eq.S39 

It is based the fact that, FTIR measurement is a linear spectroscopy, while 2D-IR 
method measures the 3rd order nonlinear response. From eq.S36-S39, we have 

2 2/
/

CN DIR CN DIR CO

CO FTIR CN FTIR CO

I I
I I

µ
µ

− −

− −

= .       eq.S40 

The transition dipole moment of the CO stretch was obtained by measuring the FTIR 
spectra of (CH3C5H4)Mn(CO)3 in CCl4 solution with the concentration 0.029 M and 

the path length 25 mm  (fig.S9A), and using the expression 

2 39.186 10 [ ( ) / ]n dµ ε n n n−= × ∫    ,       eq.S41 

where µ  is in the unit of Debye, ν  is the wavenumber in 1cm− , ( )εν   is the 

molar decadic extinction coefficient in L/(mol cm) at wavenumberν , and n  is the 

refractive index of the media 11. For CCl4 solution at around 2022 1cm− , 1.44n = . 

From the FTIR data and these parameters, we got 0.45CO Dµ = . 

The intensity ratios in eq. S40 were obtained from the FTIR and 2D-IR 

measurements for two samples. We got / 0.48 / 0.44FTIR CN FTIR COI I− − =  (fig.S9A&B), 

and 2 2/ 0.032 / 0.067DIR CN DIR COI I− − =  for the intensity of red peak (fig.S10A&B) 

2 2/ 0.029 / 0.052DIR CN DIR COI I− − =  for the intensity of blue peak (fig.S10C&D). By 

inserting all these ratios into eq.S40, we finally got the transition dipole moment of 

the CN stretch 0.30CN Dµ = (using red peak), or 0.32CN Dµ = (using blue peak). As 

a result, we chose 0.31CN Dµ =  for the calculations in this work. 
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Figure S9. FTIR spectra of (A) (CH3C5H4)Mn(CO)3 in CCl4 solution with the 

concentration 0.029 M and the path length 25 mm , and (B) the thin film of 

polycrystalline KSCN crystals blended with ~50 wt% PMMA. 

 
Figure S10. Waiting time dependent intensities of the (A) red peak for 
(CH3C5H4)Mn(CO)3 solution, (B) red peak for KSCN crystal, (C) blue peak for 
(CH3C5H4)Mn(CO)3 solution, and (D) blue peak for KSCN crystal, all of which were 
measured by 2D-IR method, with the pump at 2022 cm-1 for the (CH3C5H4)Mn(CO)3 
solution and 2050 cm-1 for the KSCN crystal. 
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The derivation of the relation between the one-way energy transfer rate and the 
total energy transfer rate  
 
For the energy transfer between a pair of donor and acceptor, without considering the 
vibrational relaxations, we have the rate equations 

( ) ( ) ( )DA AD
d D t k D t k A t
dt

= − +        eq.S42 

( ) ( ) ( )AD DA
d A t k A t k D t
dt

= − + ,       eq.S43 

where ( )D t  and ( )A t  are the populations of the exited state for the donor and 

acceptor, respectively, and DAk (or ADk ) is the energy transfer rate from the donor (or 

acceptor) to the acceptor (or the donor). For both of the donor and the acceptor are 

identical SCN- anions, we chose DA ADk k k= +  to denote the one-way energy transfer 

rate. Considering the initial conditions, (0) 1D =  and (0) 0A = . We get the solutions 

1 1( )
2 2

ktD t e−= +         eq.S44 

1 1( )
2 2

ktA t e−= − + .       eq.S45 

Therefore, the total energy transfer rate is DA ADk k k= + , and 
DA

RT
DA ADk e k

ωD

= .  
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Energy transfer dephasing time of the KSCN crystalline samples 
The energy transfer dephasing time in eq.9 is a situation dependent parameter. If the 
dephasings of the donor and acceptor are uncorrelated, the energy transfer dephasing 
time (in terms of line width) is the convoluted line width of the donor and acceptor. 
For Lorentzian lineshapes, it is the sum of both donor and acceptor line widths, which 
determines the fastest value of possible energy transfer dephasing time. In many 
electronic energy transfers, such a dephasing time is assumed as the donor and the 
acceptor are several nm away so that it is reasonable to assume that the 
donor/acceptor dephasings are uncorrelated. For vibrational energy transfers, such an 
assumption may not be valid as the majority of experimentally measurable 
intermolecular vibrational energy transfers occur within distances smaller than 1 nm. 
Within such short distances, a molecular event which causes the dephasing of one 
molecule will inevitably affect the vibration of another molecule nearby. Therefore, 
the dephasings of the donor and the acceptor are correlated. The result of such a 
correlation is that the energy transfer dephasing time must be longer than that 
determined by the donor/acceptor convoluted line width. How long the energy 
transfer dephasing time can be is determined by how the dephasings of donor and 
acceptor are correlated. Experimentally, the energy transfer dephasing time can be 
obtained from the energy mismatch ω∆  dependent energy transfers based on eq.9. 
In principle, if we know the energy transfer rate constants for two energy mismatches, 
mathematically we can derive the coupling strength and the dephasing time from eq.9. 
The condition for such a treatment is that the nonresonant energy transfer through the 
dephasing mechanism (eq.9) is much faster than that of the phonon compensation 
mechanism 12,13. We expect that the condition can be fulfilled for most liquid solutions 
with relatively small energy mismatches ( RTω∆ < ) where the dephasing is fast and 
well defined phonon motions are scarce. The condition can be invalid for some solid 
samples where the dephasing is relatively slow and the density of phonons with 
energy the same as the donor/acceptor mismatch is high.  
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Figure S11. (A):Waiting time dependent vibrational energy exchange 2D IR spectra 
of a KSCN/KS13CN=1/1 mixed crystal at room temperature. The growth of cross 
peaks indicates how fast the vibrational energy exchange proceeds between SCN- and 
S13CN-. (B)-(C) Waiting time dependent normalized intensities of peaks a, b, c, and d. 
Dots are experimental data, and curves are calculations based on the energy 
exchange kinetic model and experimentally measured vibrational 
lifetimes.Calculation parameters are pfa=0.081; pfb=0.022; kfa=1/1.05; kfb=1/0.73; 
ka=1/589; kb=1/688; kab=1/96; and kba=1/123. 

The KSCN crystalline sample with a mismatch 75 cm-1 is such an example. As 
analyzed in the main text, in the KSCN/KS13C15N=1/1 sample, the energy transfer 

time constant ( 1
k

) from SCN to S13C15N ( 175 cmω −∆ = ) is 99ps, and that from SCN 

to SCN ( 10 cmω −∆ = ) is 3.6ps. As shown in fig.S11, in the KSCN/KS13CN=1/1 

sample, the energy transfer time constant ( 1
k

) from SCN to S13CN ( 150 cmω −∆ = ) is 

96ps. The results with three different energy mismatches cannot be described by eq.9 

as it predicts that the energy transfer with 150 cmω −∆ =  should be 100% faster than 

that with 175 cmω −∆ = . The essential reason for the energy transfer from SCN to 

S13C15N is much faster than the prediction from eq.9 is that the measured energy 
transfer is from the phonon compensation mechanism. As we can see from both 
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Raman and Neutron scattering data, the phonon densities at ~ 75 cm-1 are much 
higher than those at around 50 cm-1. Therefore, the energy transfer dephasing time can 

only be calculated from the results of samples with 150 cmω −∆ =  and 10 cmω −∆ = . 

Calculations show that the dephasing time is 8 cm-1 (in terms of line width), narrower 
than the convoluated line width (10 cm-1). However, 8 cm-1 is only the fast limit of the 

dephasing time, as we don’t know how much portion of the measured 150 cmω −∆ =

energy transfer is from the energy compensation mechanism. To test the uncertainty 
range of determined distance caused by this dephasing time uncertainty, we varied the 
dephasing time from 3 cm-1 to 8 cm-1, and found that the calculated distance between 
two closest anions varies from 4.4 to 3.9 angstroms. The determined values are within 
experimental uncertainty (~10% of the actual distance 4 angstroms).     

 
Figure S12. (A) Raman spectra of KSCN/KS13C15N=1/1 and KSCN/KS13CN=1/1 
samples at room temperature; (B) Neutron scattering data at 10K from literature 14. 
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Table of parameters of SCN- in KSCN crystal 
Table S2. Calculated parameters of every SCN- in KSCN crystal (3*3*3, 500 anions). 

The orientation factors were calculated based on eq.S9, with 0.7A∞ = .The coupling 

constants were calculated based on eq.10, with 1.5n = , 0.31D A Dµ µ= = . Since the 

energy transfer rate for the donor to each of the acceptors is proportional to 
2 2 2/ [(2 ) ]β β τ −+  (see eq.9), the 1/kET for every SCN- can be calculated by 

distributing the total energy transfer rate 1/1.8ps, which was obtained from 

experimental result, with 1 18 cmτ − −= . 

No
. 

Distanc
e 

(Å
) 

Orientatio
n factor 

Coupling 
constant 
(cm-1) 

1/kET 
No
. 

Distanc
e 

(Å) 

Orientatio
n factor 

Coupling 
constant 
(cm-1) 

1/kET 

0 0.000  0.000  0.000  0  1 4.017  0.378  1.252  29  
2 4.017  0.378  1.252  29  3 4.026  0.706  2.324  8  
4 4.026  0.706  2.324  8  5 4.802  0.477  0.926  53  
6 4.802  0.477  0.926  53  7 5.576  0.597  0.740  82  
8 5.576  0.597  0.740  82  9 6.160  0.740  0.681  97  

10 6.160  0.740  0.681  97  11 6.451  0.728  0.583  133  
12 6.451  0.728  0.583  133  13 6.532  0.950  0.732  84  
14 6.532  0.950  0.732  84  15 6.673  0.626  0.452  220  
16 6.673  0.626  0.452  220  17 6.715  0.672  0.477  198  
18 6.715  0.672  0.477  198  19 7.517  1.182  0.598  126  
20 7.517  1.182  0.598  126  21 7.543  0.899  0.450  222  
22 7.543  0.899  0.450  222  23 7.789  0.991  0.451  222  
24 7.789  0.991  0.451  222  25 7.789  0.991  0.451  222  

26 7.789  0.991  0.451  222  27 8.550  0.385  0.132  2.57E+0
3 

28 8.550  0.385  0.132  2.57E+0
3 29 8.550  0.385  0.132  2.57E+0

3 

30 8.550  0.385  0.132  2.57E+0
3 31 8.932  1.139  0.343  3.82E+0

2 

32 8.932  1.139  0.343  3.82E+0
2 33 9.338  0.523  0.138  2.37E+0

3 

34 9.338  0.523  0.138  2.37E+0
3 35 9.338  0.523  0.138  2.37E+0

3 

36 9.338  0.523  0.138  2.37E+0
3 37 9.380  0.417  0.109  3.82E+0

3 
38 9.380  0.417  0.109  3.82E+0 39 9.380  0.417  0.109  3.82E+0
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3 3 

40 9.380  0.417  0.109  3.82E+0
3 41 9.467  1.784  0.452  2.21E+0

2 

42 9.467  1.784  0.452  2.21E+0
2 43 9.467  1.784  0.452  2.21E+0

2 

44 9.467  1.784  0.452  2.21E+0
2 45 9.507  1.054  0.263  6.49E+0

2 

46 9.507  1.054  0.263  6.49E+0
2 47 9.731  0.932  0.217  9.54E+0

2 

48 9.731  0.932  0.217  9.54E+0
2 49 9.861  0.844  0.189  1.26E+0

3 

50 9.861  0.844  0.189  1.26E+0
3 51 10.071  0.507  0.107  3.96E+0

3 

52 10.071  0.507  0.107  3.96E+0
3 53 10.071  0.507  0.107  3.96E+0

3 

54 10.071  0.507  0.107  3.96E+0
3 55 10.099  0.492  0.103  4.27E+0

3 

56 10.099  0.492  0.103  4.27E+0
3 57 10.099  0.492  0.103  4.27E+0

3 

58 10.099  0.492  0.103  4.27E+0
3 59 10.315  1.253  0.245  7.49E+0

2 

60 10.315  1.253  0.245  7.49E+0
2 61 10.467  0.715  0.134  2.52E+0

3 

62 10.467  0.715  0.134  2.52E+0
3 63 10.761  0.755  0.130  2.66E+0

3 

64 10.761  0.755  0.130  2.66E+0
3 65 11.012  0.990  0.159  1.78E+0

3 

66 11.012  0.990  0.159  1.78E+0
3 67 11.150  0.528  0.082  6.74E+0

3 

68 11.150  0.528  0.082  6.74E+0
3 69 11.150  0.528  0.082  6.74E+0

3 

70 11.150  0.528  0.082  6.74E+0
3 71 11.399  0.333  0.048  1.93E+0

4 

72 11.399  0.333  0.048  1.93E+0
4 73 11.620  1.146  0.157  1.83E+0

3 

74 11.620  1.146  0.157  1.83E+0
3 75 11.699  0.763  0.102  4.30E+0

3 

76 11.699  0.763  0.102  4.30E+0
3 77 11.911  0.449  0.057  1.38E+0

4 

78 11.911  0.449  0.057  1.38E+0
4 79 12.104  0.874  0.106  4.02E+0

3 

80 12.104  0.874  0.106  4.02E+0
3 81 12.104  0.874  0.106  4.02E+0

3 
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82 12.104  0.874  0.106  4.02E+0
3 83 12.104  0.874  0.106  4.02E+0

3 

84 12.104  0.874  0.106  4.02E+0
3 85 12.104  0.874  0.106  4.02E+0

3 

86 12.104  0.874  0.106  4.02E+0
3 87 12.136  0.726  0.087  5.92E+0

3 

88 12.136  0.726  0.087  5.92E+0
3 89 12.136  0.726  0.087  5.92E+0

3 

90 12.136  0.726  0.087  5.92E+0
3 91 12.262  0.446  0.052  1.67E+0

4 

92 12.262  0.446  0.052  1.67E+0
4 93 12.318  0.858  0.099  4.63E+0

3 

94 12.318  0.858  0.099  4.63E+0
3 95 12.467  0.852  0.095  5.05E+0

3 

96 12.467  0.852  0.095  5.05E+0
3 97 12.508  0.424  0.047  2.08E+0

4 

98 12.508  0.424  0.047  2.08E+0
4 99 12.625  1.249  0.133  2.53E+0

3 
10
0 12.625  1.249  0.133  2.53E+0

3 
10
1 12.667  1.248  0.132  2.59E+0

3 
10
2 12.667  1.248  0.132  2.59E+0

3 
10
3 12.778  0.866  0.089  5.67E+0

3 
10
4 12.778  0.866  0.089  5.67E+0

3 
10
5 12.778  0.866  0.089  5.67E+0

3 
10
6 12.778  0.866  0.089  5.67E+0

3 
10
7 12.855  1.242  0.126  2.85E+0

3 
10
8 12.855  1.242  0.126  2.85E+0

3 
10
9 12.995  1.579  0.155  1.89E+0

3 
11
0 12.995  1.579  0.155  1.89E+0

3 
11
1 13.050  0.472  0.046  2.17E+0

4 
11
2 13.050  0.472  0.046  2.17E+0

4 
11
3 13.208  0.496  0.046  2.10E+0

4 
11
4 13.208  0.496  0.046  2.10E+0

4 
11
5 13.208  0.496  0.046  2.10E+0

4 
11
6 13.208  0.496  0.046  2.10E+0

4 
11
7 13.346  0.626  0.057  1.41E+0

4 
11
8 13.346  0.626  0.057  1.41E+0

4 
11
9 13.348  0.731  0.066  1.03E+0

4 
12
0 13.348  0.731  0.066  1.03E+0

4 
12
1 13.348  0.731  0.066  1.03E+0

4 
12
2 13.348  0.731  0.066  1.03E+0

4 
12
3 13.430  0.672  0.060  1.27E+0

4 
12
4 13.430  0.672  0.060  1.27E+0

4 
12
5 13.438  0.523  0.046  2.10E+0

4 
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12
6 13.438  0.523  0.046  2.10E+0

4 
12
7 13.854  0.862  0.070  9.30E+0

3 
12
8 13.854  0.862  0.070  9.30E+0

3 
12
9 13.854  0.862  0.070  9.30E+0

3 
13
0 13.854  0.862  0.070  9.30E+0

3 
13
1 13.913  0.573  0.046  2.16E+0

4 
13
2 13.913  0.573  0.046  2.16E+0

4 
13
3 13.937  1.229  0.098  4.74E+0

3 
13
4 13.937  1.229  0.098  4.74E+0

3 
13
5 13.937  1.229  0.098  4.74E+0

3 
13
6 13.937  1.229  0.098  4.74E+0

3 
13
7 14.177  0.413  0.031  4.65E+0

4 
13
8 14.177  0.413  0.031  4.65E+0

4 
13
9 14.177  0.413  0.031  4.65E+0

4 
14
0 14.177  0.413  0.031  4.65E+0

4 
14
1 14.280  0.795  0.059  1.31E+0

4 
14
2 14.280  0.795  0.059  1.31E+0

4 
14
3 14.280  0.795  0.059  1.31E+0

4 
14
4 14.280  0.795  0.059  1.31E+0

4 
14
5 14.439  0.447  0.032  4.42E+0

4 
14
6 14.439  0.447  0.032  4.42E+0

4 
14
7 14.527  0.453  0.032  4.47E+0

4 
14
8 14.527  0.453  0.032  4.47E+0

4 
14
9 14.612  0.875  0.060  1.24E+0

4 
15
0 14.612  0.875  0.060  1.24E+0

4 
15
1 14.859  0.971  0.064  1.11E+0

4 
15
2 14.859  0.971  0.064  1.11E+0

4 
15
3 14.859  0.971  0.064  1.11E+0

4 
15
4 14.859  0.971  0.064  1.11E+0

4 
15
5 14.940  1.527  0.098  4.66E+0

3 
15
6 14.940  1.527  0.098  4.66E+0

3 
15
7 14.940  1.527  0.098  4.66E+0

3 
15
8 14.940  1.527  0.098  4.66E+0

3 
15
9 14.945  0.806  0.052  1.67E+0

4 
16
0 14.945  0.806  0.052  1.67E+0

4 
16
1 14.985  0.861  0.055  1.49E+0

4 
16
2 14.985  0.861  0.055  1.49E+0

4 
16
3 14.996  1.556  0.099  4.59E+0

3 
16
4 14.996  1.556  0.099  4.59E+0

3 
16
5 14.996  1.556  0.099  4.59E+0

3 
16
6 14.996  1.556  0.099  4.59E+0

3 
16
7 15.007  0.508  0.032  4.32E+0

4 
16
8 15.007  0.508  0.032  4.32E+0

4 
16
9 15.086  0.899  0.056  1.42E+0

4 
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17
0 15.086  0.899  0.056  1.42E+0

4 
17
1 15.152  0.825  0.051  1.74E+0

4 
17
2 15.152  0.825  0.051  1.74E+0

4 
17
3 15.285  1.285  0.077  7.55E+0

3 
17
4 15.285  1.285  0.077  7.55E+0

3 
17
5 15.330  0.467  0.028  5.81E+0

4 
17
6 15.330  0.467  0.028  5.81E+0

4 
17
7 15.330  0.467  0.028  5.81E+0

4 
17
8 15.330  0.467  0.028  5.81E+0

4 
17
9 15.403  0.485  0.029  5.54E+0

4 
18
0 15.403  0.485  0.029  5.54E+0

4 
18
1 15.403  0.485  0.029  5.54E+0

4 
18
2 15.403  0.485  0.029  5.54E+0

4 
18
3 15.410  0.477  0.028  5.74E+0

4 
18
4 15.410  0.477  0.028  5.74E+0

4 
18
5 15.410  0.477  0.028  5.74E+0

4 
18
6 15.410  0.477  0.028  5.74E+0

4 
18
7 15.431  0.428  0.025  7.19E+0

4 
18
8 15.431  0.428  0.025  7.19E+0

4 
18
9 15.431  0.428  0.025  7.19E+0

4 
19
0 15.431  0.428  0.025  7.19E+0

4 
19
1 15.614  0.344  0.019  1.20E+0

5 
19
2 15.614  0.344  0.019  1.20E+0

5 
19
3 15.614  0.344  0.019  1.20E+0

5 
19
4 15.614  0.344  0.019  1.20E+0

5 
19
5 15.990  0.588  0.031  4.72E+0

4 
19
6 15.990  0.588  0.031  4.72E+0

4 
19
7 16.015  0.886  0.046  2.10E+0

4 
19
8 16.015  0.886  0.046  2.10E+0

4 
19
9 16.059  0.726  0.038  3.18E+0

4 
20
0 16.059  0.726  0.038  3.18E+0

4 
20
1 16.059  0.726  0.038  3.18E+0

4 
20
2 16.059  0.726  0.038  3.18E+0

4 
20
3 16.083  0.359  0.019  1.31E+0

5 
20
4 16.083  0.359  0.019  1.31E+0

5 
20
5 16.083  0.359  0.019  1.31E+0

5 
20
6 16.083  0.359  0.019  1.31E+0

5 
20
7 16.253  0.573  0.029  5.49E+0

4 
20
8 16.253  0.573  0.029  5.49E+0

4 
20
9 16.407  1.656  0.081  6.95E+0

3 
21
0 16.407  1.656  0.081  6.95E+0

3 
21
1 16.473  0.488  0.023  8.21E+0

4 
21
2 16.473  0.488  0.023  8.21E+0

4 
21
3 16.496  0.732  0.035  3.67E+0

4 
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21
4 16.496  0.732  0.035  3.67E+0

4 
21
5 16.496  0.732  0.035  3.67E+0

4 
21
6 16.496  0.732  0.035  3.67E+0

4 
21
7 16.513  0.722  0.034  3.80E+0

4 
21
8 16.513  0.722  0.034  3.80E+0

4 
21
9 16.513  0.722  0.034  3.80E+0

4 
22
0 16.513  0.722  0.034  3.80E+0

4 
22
1 16.528  0.789  0.038  3.20E+0

4 
22
2 16.528  0.789  0.038  3.20E+0

4 
22
3 16.560  0.570  0.027  6.20E+0

4 
22
4 16.560  0.570  0.027  6.20E+0

4 
22
5 16.678  0.937  0.043  2.40E+0

4 
22
6 16.678  0.937  0.043  2.40E+0

4 
22
7 16.678  0.937  0.043  2.40E+0

4 
22
8 16.678  0.937  0.043  2.40E+0

4 
22
9 16.704  0.577  0.027  6.38E+0

4 
23
0 16.704  0.577  0.027  6.38E+0

4 
23
1 16.736  1.099  0.050  1.78E+0

4 
23
2 16.736  1.099  0.050  1.78E+0

4 
23
3 16.736  1.099  0.050  1.78E+0

4 
23
4 16.736  1.099  0.050  1.78E+0

4 
23
5 16.736  1.099  0.050  1.78E+0

4 
23
6 16.736  1.099  0.050  1.78E+0

4 
23
7 16.736  1.099  0.050  1.78E+0

4 
23
8 16.736  1.099  0.050  1.78E+0

4 
23
9 16.787  1.124  0.051  1.73E+0

4 
24
0 16.787  1.124  0.051  1.73E+0

4 
24
1 16.787  1.124  0.051  1.73E+0

4 
24
2 16.787  1.124  0.051  1.73E+0

4 
24
3 16.787  1.124  0.051  1.73E+0

4 
24
4 16.787  1.124  0.051  1.73E+0

4 
24
5 16.787  1.124  0.051  1.73E+0

4 
24
6 16.787  1.124  0.051  1.73E+0

4 
24
7 16.796  0.476  0.022  9.67E+0

4 
24
8 16.796  0.476  0.022  9.67E+0

4 
24
9 16.796  0.476  0.022  9.67E+0

4 
25
0 16.796  0.476  0.022  9.67E+0

4 
25
1 16.812  0.738  0.033  4.04E+0

4 
25
2 16.812  0.738  0.033  4.04E+0

4 
25
3 16.934  1.320  0.058  1.32E+0

4 
25
4 17.368  1.208  0.050  1.84E+0

4 
25
5 17.551  0.840  0.033  4.04E+0

4 
25
6 17.551  0.840  0.033  4.04E+0

4 
25
7 17.551  0.840  0.033  4.04E+0

4 
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25
8 17.551  0.840  0.033  4.04E+0

4 
25
9 17.810  0.450  0.017  1.54E+0

5 
26
0 17.810  0.450  0.017  1.54E+0

5 
26
1 17.810  0.450  0.017  1.54E+0

5 
26
2 17.810  0.450  0.017  1.54E+0

5 
26
3 17.810  0.450  0.017  1.54E+0

5 
26
4 17.810  0.450  0.017  1.54E+0

5 
26
5 17.810  0.450  0.017  1.54E+0

5 
26
6 17.810  0.450  0.017  1.54E+0

5 
26
7 17.824  0.590  0.022  9.00E+0

4 
26
8 17.824  0.590  0.022  9.00E+0

4 
26
9 17.824  0.590  0.022  9.00E+0

4 
27
0 17.824  0.590  0.022  9.00E+0

4 
27
1 17.832  0.475  0.018  1.39E+0

5 
27
2 17.832  0.475  0.018  1.39E+0

5 
27
3 17.832  0.475  0.018  1.39E+0

5 
27
4 17.832  0.475  0.018  1.39E+0

5 
27
5 18.091  0.884  0.032  4.39E+0

4 
27
6 18.091  0.884  0.032  4.39E+0

4 
27
7 18.111  1.258  0.046  2.18E+0

4 
27
8 18.111  1.258  0.046  2.18E+0

4 
27
9 18.184  1.539  0.055  1.49E+0

4 
28
0 18.184  1.539  0.055  1.49E+0

4 
28
1 18.275  0.526  0.019  1.31E+0

5 
28
2 18.275  0.526  0.019  1.31E+0

5 
28
3 18.275  0.526  0.019  1.31E+0

5 
28
4 18.275  0.526  0.019  1.31E+0

5 
28
5 18.291  0.713  0.025  7.19E+0

4 
28
6 18.291  0.713  0.025  7.19E+0

4 
28
7 18.291  0.713  0.025  7.19E+0

4 
28
8 18.291  0.713  0.025  7.19E+0

4 
28
9 18.300  0.462  0.016  1.72E+0

5 
29
0 18.300  0.462  0.016  1.72E+0

5 
29
1 18.371  0.502  0.017  1.49E+0

5 
29
2 18.371  0.502  0.017  1.49E+0

5 
29
3 18.371  0.502  0.017  1.49E+0

5 
29
4 18.371  0.502  0.017  1.49E+0

5 
29
5 18.394  0.874  0.030  4.95E+0

4 
29
6 18.394  0.874  0.030  4.95E+0

4 
29
7 18.538  1.122  0.038  3.15E+0

4 
29
8 18.538  1.122  0.038  3.15E+0

4 
29
9 18.639  0.908  0.030  4.97E+0

4 
30
0 18.639  0.908  0.030  4.97E+0

4 
30
1 18.678  0.487  0.016  1.75E+0

5 
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30
2 18.678  0.487  0.016  1.75E+0

5 
30
3 18.678  0.487  0.016  1.75E+0

5 
30
4 18.678  0.487  0.016  1.75E+0

5 
30
5 18.800  1.089  0.035  3.63E+0

4 
30
6 18.800  1.089  0.035  3.63E+0

4 
30
7 18.908  0.331  0.011  4.06E+0

5 
30
8 18.934  1.784  0.056  1.41E+0

4 
30
9 18.934  1.784  0.056  1.41E+0

4 
31
0 18.934  1.784  0.056  1.41E+0

4 
31
1 18.934  1.784  0.056  1.41E+0

4 
31
2 18.935  1.038  0.033  4.18E+0

4 
31
3 18.935  1.038  0.033  4.18E+0

4 
31
4 18.998  0.871  0.027  6.05E+0

4 
31
5 19.042  0.564  0.018  1.47E+0

5 
31
6 19.042  0.564  0.018  1.47E+0

5 
31
7 19.042  0.564  0.018  1.47E+0

5 
31
8 19.042  0.564  0.018  1.47E+0

5 
31
9 19.090  0.847  0.026  6.59E+0

4 
32
0 19.243  0.531  0.016  1.76E+0

5 
32
1 19.243  0.531  0.016  1.76E+0

5 
32
2 19.279  0.585  0.018  1.47E+0

5 
32
3 19.279  0.585  0.018  1.47E+0

5 
32
4 19.279  0.585  0.018  1.47E+0

5 
32
5 19.279  0.585  0.018  1.47E+0

5 
32
6 19.373  0.838  0.025  7.35E+0

4 
32
7 19.373  0.838  0.025  7.35E+0

4 
32
8 19.476  0.883  0.026  6.84E+0

4 
32
9 19.570  0.993  0.028  5.56E+0

4 
33
0 19.570  0.993  0.028  5.56E+0

4 
33
1 19.570  0.880  0.025  7.08E+0

4 
33
2 19.597  0.353  0.010  4.43E+0

5 
33
3 19.619  1.097  0.031  4.63E+0

4 
33
4 19.619  1.097  0.031  4.63E+0

4 
33
5 19.619  1.097  0.031  4.63E+0

4 
33
6 19.619  1.097  0.031  4.63E+0

4 
33
7 19.626  0.580  0.016  1.66E+0

5 
33
8 19.626  0.580  0.016  1.66E+0

5 
33
9 19.797  0.718  0.020  1.14E+0

5 
34
0 19.797  0.718  0.020  1.14E+0

5 
34
1 19.797  0.718  0.020  1.14E+0

5 
34
2 19.797  0.718  0.020  1.14E+0

5 
34
3 19.947  0.680  0.018  1.33E+0

5 
34
4 20.051  0.383  0.010  4.32E+0

5 
34
5 20.051  0.383  0.010  4.32E+0

5 
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34
6 20.139  0.705  0.019  1.31E+0

5 
34
7 20.142  0.507  0.013  2.54E+0

5 
34
8 20.142  0.507  0.013  2.54E+0

5 
34
9 20.142  0.507  0.013  2.54E+0

5 
35
0 20.142  0.507  0.013  2.54E+0

5 
35
1 20.162  0.703  0.018  1.33E+0

5 
35
2 20.162  0.703  0.018  1.33E+0

5 
35
3 20.198  0.492  0.013  2.73E+0

5 
35
4 20.198  0.492  0.013  2.73E+0

5 
35
5 20.198  0.492  0.013  2.73E+0

5 
35
6 20.198  0.492  0.013  2.73E+0

5 
35
7 20.203  0.416  0.011  3.83E+0

5 
35
8 20.203  0.416  0.011  3.83E+0

5 
35
9 20.203  0.416  0.011  3.83E+0

5 
36
0 20.203  0.416  0.011  3.83E+0

5 
36
1 20.291  0.509  0.013  2.63E+0

5 
36
2 20.291  0.509  0.013  2.63E+0

5 
36
3 20.291  0.509  0.013  2.63E+0

5 
36
4 20.291  0.509  0.013  2.63E+0

5 
36
5 20.381  0.899  0.023  8.66E+0

4 
36
6 20.381  0.899  0.023  8.66E+0

4 
36
7 20.381  0.899  0.023  8.66E+0

4 
36
8 20.381  0.899  0.023  8.66E+0

4 
36
9 20.381  1.453  0.037  3.31E+0

4 
37
0 20.381  1.453  0.037  3.31E+0

4 
37
1 20.381  1.453  0.037  3.31E+0

4 
37
2 20.381  1.453  0.037  3.31E+0

4 
37
3 20.441  0.779  0.020  1.17E+0

5 
37
4 20.441  0.779  0.020  1.17E+0

5 
37
5 20.450  0.805  0.020  1.10E+0

5 
37
6 20.450  0.805  0.020  1.10E+0

5 
37
7 20.522  0.403  0.010  4.48E+0

5 
37
8 20.702  0.369  0.009  5.65E+0

5 
37
9 20.702  0.369  0.009  5.65E+0

5 
38
0 20.882  0.621  0.015  2.10E+0

5 
38
1 20.943  0.632  0.015  2.06E+0

5 
38
2 21.082  1.000  0.023  8.57E+0

4 
38
3 21.082  1.000  0.023  8.57E+0

4 
38
4 21.182  0.456  0.010  4.24E+0

5 
38
5 21.182  0.456  0.010  4.24E+0

5 
38
6 21.232  0.552  0.012  2.93E+0

5 
38
7 21.232  0.552  0.012  2.93E+0

5 
38
8 21.232  0.552  0.012  2.93E+0

5 
38
9 21.232  0.552  0.012  2.93E+0

5 
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39
0 21.232  0.552  0.012  2.93E+0

5 
39
1 21.232  0.552  0.012  2.93E+0

5 
39
2 21.232  0.552  0.012  2.93E+0

5 
39
3 21.232  0.552  0.012  2.93E+0

5 
39
4 21.236  0.853  0.019  1.23E+0

5 
39
5 21.244  0.463  0.010  4.18E+0

5 
39
6 21.244  0.463  0.010  4.18E+0

5 
39
7 21.244  0.463  0.010  4.18E+0

5 
39
8 21.244  0.463  0.010  4.18E+0

5 
39
9 21.272  0.564  0.013  2.84E+0

5 
40
0 21.272  0.564  0.013  2.84E+0

5 
40
1 21.272  0.564  0.013  2.84E+0

5 
40
2 21.272  0.564  0.013  2.84E+0

5 
40
3 21.272  0.564  0.013  2.84E+0

5 
40
4 21.272  0.564  0.013  2.84E+0

5 
40
5 21.272  0.564  0.013  2.84E+0

5 
40
6 21.272  0.564  0.013  2.84E+0

5 
40
7 21.279  0.426  0.009  5.00E+0

5 
40
8 21.279  0.426  0.009  5.00E+0

5 
40
9 21.279  0.426  0.009  5.00E+0

5 
41
0 21.279  0.426  0.009  5.00E+0

5 
41
1 21.382  0.862  0.019  1.26E+0

5 
41
2 21.498  1.591  0.034  3.81E+0

4 
41
3 21.498  1.591  0.034  3.81E+0

4 
41
4 21.505  0.648  0.014  2.30E+0

5 
41
5 21.505  0.648  0.014  2.30E+0

5 
41
6 21.580  0.378  0.008  6.89E+0

5 
41
7 21.580  0.378  0.008  6.89E+0

5 
41
8 21.616  0.716  0.015  1.94E+0

5 
41
9 21.616  0.716  0.015  1.94E+0

5 
42
0 21.797  0.737  0.015  1.93E+0

5 
42
1 21.797  0.737  0.015  1.93E+0

5 
42
2 21.797  0.737  0.015  1.93E+0

5 
42
3 21.797  0.737  0.015  1.93E+0

5 
42
4 21.983  0.725  0.015  2.10E+0

5 
42
5 22.116  0.852  0.017  1.57E+0

5 
42
6 22.116  0.852  0.017  1.57E+0

5 
42
7 22.175  0.712  0.014  2.29E+0

5 
42
8 22.378  0.523  0.010  4.49E+0

5 
42
9 22.401  0.472  0.009  5.55E+0

5 
43
0 22.508  0.468  0.009  5.80E+0

5 
43
1 22.589  0.444  0.008  6.57E+0

5 
43
2 22.679  0.799  0.015  2.08E+0

5 
43
3 22.679  0.799  0.015  2.08E+0

5 
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43
4 22.810  0.744  0.013  2.49E+0

5 
43
5 22.810  0.744  0.013  2.49E+0

5 
43
6 22.924  0.472  0.008  6.36E+0

5 
43
7 22.924  0.472  0.008  6.36E+0

5 
43
8 22.924  0.472  0.008  6.36E+0

5 
43
9 22.924  0.472  0.008  6.36E+0

5 
44
0 23.005  0.755  0.013  2.54E+0

5 
44
1 23.005  0.755  0.013  2.54E+0

5 
44
2 23.144  0.577  0.010  4.51E+0

5 
44
3 23.144  0.577  0.010  4.51E+0

5 
44
4 23.351  0.454  0.008  7.68E+0

5 
44
5 23.351  0.454  0.008  7.68E+0

5 
44
6 23.556  0.890  0.015  2.11E+0

5 
44
7 23.571  0.817  0.013  2.51E+0

5 
44
8 23.571  0.817  0.013  2.51E+0

5 
44
9 23.571  0.817  0.013  2.51E+0

5 
45
0 23.571  0.817  0.013  2.51E+0

5 
45
1 23.710  0.526  0.008  6.28E+0

5 
45
2 23.710  0.526  0.008  6.28E+0

5 
45
3 23.789  0.884  0.014  2.26E+0

5 
45
4 23.839  0.892  0.014  2.25E+0

5 
45
5 23.839  0.892  0.014  2.25E+0

5 
45
6 23.979  0.619  0.010  4.85E+0

5 
45
7 23.999  1.160  0.018  1.39E+0

5 
45
8 23.999  1.160  0.018  1.39E+0

5 
45
9 24.209  0.899  0.014  2.43E+0

5 
46
0 24.209  0.899  0.014  2.43E+0

5 
46
1 24.209  0.899  0.014  2.43E+0

5 
46
2 24.209  0.899  0.014  2.43E+0

5 
46
3 24.209  0.874  0.013  2.57E+0

5 
46
4 24.209  0.874  0.013  2.57E+0

5 
46
5 24.209  0.874  0.013  2.57E+0

5 
46
6 24.209  0.874  0.013  2.57E+0

5 
46
7 24.259  0.616  0.009  5.25E+0

5 
46
8 24.259  0.616  0.009  5.25E+0

5 
46
9 24.451  0.459  0.007  9.90E+0

5 
47
0 24.466  0.499  0.007  8.40E+0

5 
47
1 24.480  0.473  0.007  9.41E+0

5 
47
2 24.480  0.473  0.007  9.41E+0

5 
47
3 24.710  0.517  0.007  8.30E+0

5 
47
4 24.754  0.688  0.010  4.75E+0

5 
47
5 24.890  0.537  0.007  8.06E+0

5 
47
6 24.890  0.537  0.007  8.06E+0

5 
47
7 25.163  0.543  0.007  8.41E+0

5 
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47
8 25.163  0.543  0.007  8.41E+0

5 
47
9 25.413  0.610  0.008  7.07E+0

5 
48
0 25.413  0.610  0.008  7.07E+0

5 
48
1 25.413  0.610  0.008  7.07E+0

5 
48
2 25.413  0.610  0.008  7.07E+0

5 
48
3 25.602  0.487  0.006  1.16E+0

6 
48
4 25.602  0.487  0.006  1.16E+0

6 
48
5 25.924  0.552  0.007  9.74E+0

5 
48
6 26.005  0.554  0.007  9.82E+0

5 
48
7 26.055  0.422  0.005  1.71E+0

6 
48
8 26.055  0.422  0.005  1.71E+0

6 
48
9 26.117  0.893  0.011  3.89E+0

5 
49
0 26.117  0.893  0.011  3.89E+0

5 
49
1 26.359  0.460  0.005  1.55E+0

6 
49
2 26.771  0.867  0.010  4.78E+0

5 
49
3 27.347  0.790  0.008  6.55E+0

5 
49
4 27.443  0.431  0.004  2.25E+0

6 
49
5 27.443  0.431  0.004  2.25E+0

6 
49
6 28.347  0.704  0.007  1.02E+0

6 
49
7 28.743  0.459  0.004  2.62E+0

6 
49
8 28.743  0.459  0.004  2.62E+0

6 
49
9 30.161  0.895  0.007  9.18E+0

5 
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