








the population decay of the free TES in the mysitylene-CCl4

solvent. As can be seen in Figure 5B, the fit is much better, but
there are more adjustable parameters. The results yield τd ) 23
ps. This value is quite similar to the value obtained from the
fitting shown in Figure 5A, indicating that the value obtained
for τd is robust. The τd value is mainly determined by the growth
of the off-diagonal peaks. For the three solvents that display

the biexponential population decays, we fit the data both ways,
that is, the free TES population relaxation is single or biexpo-
nential. The τd values are taken as the average of the two values.
So for TES/mesitylene we obtain τd ) 26 ( 5 ps. The τd values
for the five systems studied are given in Table 1.

B. Correlation between Kinetics and Thermodynamics.
Figure 6A shows the correlation between the dissociation time
constant τd (1/kd) and exp(-∆H0/RT), where ∆H0 is the enthalpy
of the formation of the complex. The data fall on a line within
experimental error. This is the same behavior that was found
previously for the eight complexes of phenol-OD. Figure 6B
shows the five data points for the TES complexes and the eight
data points for the phenol complexes. The line through the data
in both panels is

1/kd )B+A-1 exp(-∆H0/RT) (2)

where B ) 2.3 ps and A-1 ) 0.5 ps are constants. All of the
data fall on the same line. The results demonstrate again that
there is a clear correlation between the dissociation time constant
and the enthalpy of formation of the complexes. The deviation
from an intercept of 0, that is the fact that B ) 2.3 ps, could
arise for a number of reasons. Previously we suggested that
even in the limit that ∆H0 goes to zero, a finite time will be
required for the pseudocomplex (no binding) to separate.21 A
simple calculation showed that the intercept is the right time
scale for diffusive separation.21 Another possibility could be a
systematic error in the determination of the ∆H0 values, which
were obtained with the assumption that the enthalpies and

TABLE 1: Experimentally Determined Parametersa

sample
τd

(ps)
∆H0

(kcal/mol)
T1

(ps) A
τr

f

(ps)
τr

c

(ps)
τr

cp

(ps)

TES 160 1 3.2 3.2 3.2
TES/BZ 9 ( 2 -1.4 95 1 3.3 2.8 3.3
TES/TL 11 ( 2 -1.6 95 (1) 0.92 (0.08) 3.2 3.8 4.2
TES/pX 18 ( 3 -2.1 101 (1.2) 0.87 (0.13) 3.3 4.1 5.1
TES/MS 26 ( 5 -2.4 61 (2.8) 0.80 (0.20) 3.3 6.9 8.7
TES/AN 140( 20 -3.3 22 1 3.0 8.5 7

a Samples: TES, TES in CCl4; TES/BZ, TES in benzene/CCl4;
TES/TL, TES in toluene/CCl4; TES/pX, TES in p-xylene/CCl4;
TES/MS, TES in mesitylene/CCl4; TES/AN, TES in acetonitrile/
CCl4. τd: complex dissociation time constant. ∆H0: complex
enthalpy of formation. T1: population decay time of free TES (160
ps) and TES complexes. For bi-exponential decays, the fast
component is given in parentheses. A: normalized amplitude of
population decay. For bi-exponential decays, the amplitude of the
fast component is given in parentheses. τr

f: orientational relaxation
time constant of the free species in the mixed solvent. τr

c:
orientational relaxation time constant of the complex in the mixed
solvent. τr

cp: orientational relaxation time constant of the complex in
the pure complexing solvent.

Figure 5. Tw dependent data (symbols) showing the time dependence
of the diagonal and off-diagonal 2D IR vibrational echo chemical
exchange peaks for the TES/mesitylene-CCl4 system. The solid curves
are from fits to the data. (A) Solid curves are the fitting results for the
model in which the OD stretch population of the complex decays as a
biexponential as measured on TES in pure mesitylene, but the OD
stretch population decay of the free species is a single exponential.
The data are fit with one adjustable parameter, τd. The fit yields τd )
28 ps. The fit misses the free diagonal peak data but is quite good for
the other three peaks. (B) Solid curves are the fitting results for the
model in which both the complexed and free TES have biexponential
population decays. The fit is substantially improved and yields τd )
23 ps.

Figure 6. Dissociation times of the complexes, τd (1/kd), plotted vs
exp(-∆H0/RT) where ∆H0 is the enthalpy of formation of the
solute-solvent complex. The line through the data is given by equation
2. (A) Data from the five triethylsilanol systems measured here. (B)
Data from the five triethylsilanol systems and from the eight phenol
systems measured previously.17,21 The same relation (eq 2) holds for
all 13 data points.
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entropies of formation are temperature independent over the
temperature range used to determine them.

The important feature of Figure 6B is that all of the data fall
on the same line. Transition state theory24 would suggest that
kd should depend on the activation free energy, ∆G*, not on
the enthalpy of formation, ∆H0. In terms of simple transition
state theory, the dissociation rate constant can be written as

kd )
kBT

h
e-∆G*/RT )

kBT

h
e∆S*/Re-∆H*/RT (3)

where ∆G* is the activation free energy, ∆S* is the activation
entropy, and ∆H* is the activation enthalpy. If the activation
enthalpy is proportional to the dissociation enthalpy, ∆H* ∝
∆H0, and the activation entropy ∆S* is essentially a constant,
independent of the molecular structure of the complexes and
differences in the solvents, then equation 2 and the behavior
displayed in Figure 6 are obtained.

The data in Figure 6B has eight complexes of phenol and
phenol derivatives with various substituted benzenes21 and five
complexes of triethylsilanol with substituted benzenes and
acetonitrile. All of the complexes involve a hydrogen bond with
a hydroxyl. However, the complexes vary significantly in their
molecular structure. It is not clear how general the correlation
between the complex dissociation time and the enthalpy of
formation is for other complexes that do not involve a hydrogen
bond to a hydroxyl. Nonetheless, equation 2 may serve as a
guide for estimating the dissociation times of complexes.

C. 2D IR Chemical Exchange Line Shapes. The long
vibrational lifetimes of the OD stretch of both the free (∼160
ps) and complexed TES molecules (see Table 1) allow 2D IR
vibrational echo chemical exchange data to be acquired at long
reaction times (Tw). The data for long reaction periods reveal
an important feature of the 2D IR chemical exchange spectra
that has not been previously explicated. If Tw is sufficiently long
the 2D line shapes are combinations, the outer products, of the
linear absorption line shapes of the two exchanging species.

At short Tw, spectral diffusion causes the diagonal 2D line
shapes to change with time. At sufficiently long time, spectral
diffusion is complete, and the line shapes obtain their long time
limit. It has been argued that the off-diagonal peaks generated
by chemical exchange are always effectively in the long Tw limit
because the frequencies within the inhomogeneous lines of the
exchanging species are uncorrelated, and, therefore, the ex-
change process itself cause complete spectral diffusion.22 Even
if there is frequency correlation in the exchange, at long Tw

when spectral diffusion is complete, the diagonal and off-
diagonal peaks will no longer change shape with increasing Tw.
In the long Tw limit, theory predicts that the line shapes of the
off-diagonal peaks can be expressed as,23

S(ωτ, Tw, ωm) ∝ WA(ωτ)XWB(ωm) (4)

where S(ωτ, Tw, ωm) is the off-diagonal exchange peak signal
and X is the outer product between the two vectors, WA(ωτ)
and WB(ωm). WA(ωτ) is the vector composed of the linear
absorption spectrum, that is the intensity at each frequency, of
species A, which is initially excited by pulse 1, and WB(ωm) is
the vector composed of the linear absorption spectrum of species
B, which is the species that emits the vibrational echo following
pulse 3. For the diagonal peaks, the signal is proportional to
WA(ωτ) X WA(ωm) and WB(ωτ) X WB(ωm).

According to theory at long Tw when spectral diffusion is
complete, the line shapes of the diagonal peaks are symmetric
about the two axes. The line shapes of the off-diagonal chemical
exchange peaks will not be symmetric if the two exchanging

species have different absorption line shapes. A very clear
example of this behavior is displayed by the 2D IR vibrational
echo chemical exchange spectrum of the TES/mesitylene-CCl4

system. Figure 7 displays the linear absorption spectrum (A),
the 2D IR spectrum at 60 ps, which is in the long Tw limit (B),
and the calculated spectrum (C). In the TES/mesitylene system,
in the absorption spectrum (A) the complex peak is 34 cm-1

fwhm, the free peak is 14 cm-1 fwhm, and the two peaks are
separated by 46 cm-1. The substantial difference in the two
linewidths and the large separation of the peaks makes it possible
to cleanly observe the behavior in the 2D spectrum.

The 2D IR spectrum shown in Figure 7B displays the
behavior embodied in equation 4. The off-diagonal dissociation
peak (upper left-hand peak) is broad along the ωτ axis and
narrow along the ωm axis. The off-diagonal dissociation peak
comes from complexes at the time of the first pulse (ωτ axis),
which have a broad spectrum, and free species at the time of
echo emission (ωm axis), which have a narrow spectrum. The
formation peak (lower right-hand peak) is narrow along the ωτ
axis and broad along the ωm axis. The off-diagonal formation
peak comes from free species at the time of the first pulse (ωτ
axis), which have a narrow spectrum, and complexes at the time
of echo emission (ωm axis), which have a broad spectrum. The
predictions of equation 4 were tested quantitatively as shown
in Figure 7C. The linear spectrum of the TES/mesitylene-CCl4

Figure 7. (A) FT-IR absorption spectra of the OD stretch of TES in
CCl4 (free TES, green curve), TES in mesitylene (TES/mesitylene
complex, red curve), and TES in the mixed mesitylene/CCl4 solvent,
which displays absorptions for both free and complexed TES (black
curve). (B) Experimental 2D IR spectrum (Tw ) 60 ps) of TES in the
mixed mesitylene/CCl4 solvent. The off-diagonal peaks have the highly
asymmetric shapes predicted by equation 4. (C) Calculated 2D IR
spectrum using the absorption line shapes as input in accord with
equation 4. The calculation reproduces the asymmetric line shapes of
the off-diagonal peaks very well. Each contour is a 10% change in
amplitude.
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system (black curve in Figure 7A) was fit with two Gaussians.
These became the two vectors, WA(ωτ) and WB(ωm) in equation
4. As can be seen in Figure 7C, the calculation does an excellent
job of reproducing the experimental 2D spectrum shown in
Figure 7B.

IV. Concluding Remarks

The formation and dissociation kinetics of five triethylsilanol
solute-solvent complexes at room temperature were investi-
gated with 2D IR vibrational echo chemical exchange spec-
troscopy. The time dependences of the formation and dissocia-
tion of the complexes were measured by observing the growth
of the off-diagonal chemical exchange peaks in the 2D IR
spectrum. The dissociation time constants range from 9 to 140
ps, and were shown to be directly related to the enthalpy of
formation of the complexes. The experiments are in accord with
the previous observation from eight phenol/solvent complexes.17,21

The correlation between the complex enthalpies of formation
and dissociation rate constants for all 13 complexes, the five
studied here and eight studied previously, can be expressed with
an equation similar to the Arrhenius equation.21

In addition to the dynamics, theoretical predictions of the
shapes of the peaks in the 2D IR chemical exchange spectrum
were tested. It was demonstrated that in the long time limit, in
which spectral diffusion is complete and the peaks no longer
change shape, the shapes of the off-diagonal chemical exchange
peaks can be highly asymmetric. The off-diagonal peaks have
shapes determined by the outer product of the absorption spectra
of the species that give rise to the chemical exchange spectrum.

Organic solute-solvent complexes that have dissociation time
constants in the range of 10-100 ps may be quite general. In
future publications, experiments will be presented that examine
the solute-solvent complex dynamics of the solute chloroform
with acetone and dimethyl sulfoxide and a system in which a
solute can migrate to different positions on a solvent molecule.
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