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Determination of the rotational isomerization rate
along carbon–carbon single bonds in solution†

Seongchul Park,ab Hojeong Yoon,b Juhyang Shinb and Manho Lim *b

The temperature- and viscosity-dependent rotational isomerization time constant (trot) along the C–C�

bond of CF2BrCF2 radical in solution was measured using femtosecond infrared spectroscopy after

photodissociating the I atom from CF2BrCF2I. Three density functional theory (DFT) functionals, oB97XD,

APFD, and B3LYP were used with the aug-cc-pVTZ basis set to calculate the required parameters in

calculating trot using Kramers’ theory of reaction rates. The measured trot was consistent with the value

calculated using the vibrational frequencies and rotational barriers of the related compounds calculated

by DFT method with oB97XD/aug-cc-pVTZ. Kramers’ theory calculation of trot was further verified by an

experimental measurement for CF3CF2CF2
� in CCl4 at 293 K. The trot along the C–C(�) bond of ethyl

radical and ethane derivatives in solution can be reliably estimated by Kramers’ theory combined with

DFT calculations using the oB97XD functional and aug-cc-pVTZ basis set.

Introduction

Rotation along the C–C bond of a 1,2-disubstituted ethane
derivative exchanges between relatively stable gauche and anti
(trans) conformations, resulting in rotational isomers.1,2 Rota-
tional isomerization can influence the reactivity, dynamics, and
biological activity of the related isomers.3,4 Although the isomer-
ization rate is an important factor describing reactions involving
the isomer, it is rarely measured at room temperature because
the rotation is ultrafast and difficult to measure. The rotational
isomerization of a reaction intermediate, which may be more
important for reactions involving the intermediate, is even
harder to measure due to its short lifetime and fast rotation.4

The anti–gauche isomerization of n-butane is one of the
simplest first-order chemical reactions and has thus been used
as a model system for chemical reaction kinetics theory and
molecular dynamics (MD) simulation studies of condensed
phases.5–10 Extensive theoretical studies reported that the iso-
merization time of n-butane in liquid is tens of picoseconds at
room temperature.5–10 However, no experimental confirmation
of these theoretical results has been presented to date. Zheng
et al. obtained the isomerization time of CH2FCH2NCO in CCl4

at room temperature using 2D infrared (IR) vibrational echo
spectroscopy.3,4 Isomerization time constants of 40 (12) ps for

n-butane (ethane) were estimated under the same conditions
using the experimentally obtained values combined with the
density functional theory (DFT) calculations of the barrier
heights of the related compounds.3,4 However, it was concluded
that CH2FCH2NCO is not a good reference compound for
estimating the rotational time of other ethyl derivatives because
the calculations could not reproduce even the equilibrium
isomer population of CH2FCH2NCO.4

Recently we measured the rotational isomerization time
constant (trot) of the C–C� bond of CF2BrCF2 radical in CCl4

solution at 280 K.4 Excess gauche CF2BrCF2 radicals (g-
CF2BrCF2

�) were produced upon ultrafast dissociation of
I atoms from the excited CF2BrCF2I in CCl4 at 267 nm. The trot

was determined by probing that the excess g-CF2BrCF2
� iso-

merizes into anti CF2BrCF2 radicals (a-CF2BrCF2
�) using

the structure-specific femtosecond infrared spectroscopy. The
barrier height of the rotation and the Gibbs free energies of
two radical conformers, g-CF2BrCF2

� and a-CF2BrCF2
�, were

calculated using DFT. The calculated energies were then used
to obtain the rotational time constants from gauche to anti (tGA)
and anti to gauche (tAG), where 1/trot = 1/tGA + 1/tAG. Based on
the measured trot and DFT calculations of ethyl radical deriva-
tives and ethane derivatives (such as CF2BrCF2

�, CF2ICF2
�,

CH3CH2CH�CH3, CH3CH2
�, CF2BrCF2I, CH2FCH2NCO, CH3-

CH2CH2CH3, and CH3CH3), the rotation time constants along
the C–C(�) bond of these compounds were estimated under the
same conditions. The time constant for the internal rotation
was found to be similar to that calculated using transition state
theory (TST) with a transmission coefficient (k) of 0.75.
However, it was not clear why k = 0.75 was required and why
the TST developed in the gas phase successfully estimated the
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rotational time in solution, where the compound is continu-
ously perturbed by the interaction with solvent molecules.

The accuracy of the rotational energy barrier (Erot) is critical
to the accurate calculation of the rotational rate because the
latter is proportional to exp(�Erot/RT), where R and T are the gas
constant and the absolute temperature, respectively. For example,
the rotational rate changes by a factor of 2–0.5 at 298 K as Erot

changes �0.4 kcal mol�1. Therefore, calculating accurate energy
values for each conformer and the rotational barrier for a com-
pound of interest is one of the most important factors in
accurately calculating the rotation rate along the C–C(�) bond of
the compound using the rate equation. As Erot can be experimen-
tally estimated from the temperature-dependent rotational
rates, the accuracy of the calculated Erot values can be confirmed
experimentally.

TST was developed by H. Eyring to describe reactions in the
gas phase11 based on the idea that the reaction proceeds at a
rate at which an activated complex passes over the saddle point
and assuming equilibrium between the reactants and activated
complex.12–14 For reactions in solution, the reactants are con-
tinuously disturbed by collisions with solvent molecules. Often,
the solvent affects the chemical reaction by changing its
potential energy surface (PES).15 This effect is incorporated in
TST by using the energies of the reactants and activated
complex calculated in solution. Thus, solvent effects are incor-
porated to a certain degree in the rate constants estimated
using the TST (kTST) with energies calculated assuming a
solution environment.3,4 However, this approach excludes the
dynamical solvent effects on the rate constant, which may
impede or enhance molecular motion along the reaction
coordinate.12,13 Kramers showed that, based on the Langevin
equation with a time-independent frictional coefficient, the
dynamical solvent effect is represented by a transmission
coefficient that depends on the ratio of the solvent friction
and the curvature of the PES at the transition state (i.e.,
Kramers’ transmission coefficient, kKR) and the rate constant
in solution, ks = kKRkTST.13 The Kramers’ theory of reaction rates
was further developed using the generalized Langevin equation
with a time-dependent solvent friction (Grote–Hynes theory).16

Grote–Hynes theory is expressed as ks = kGHkTST, where kGH

is a measure of the departure of the rate constant from kTST.
The calculation of kGH requires an MD simulation.13

In energy calculations of a target compound in solution,
solvent effects were incorporated using the dielectric constant
of the solvent as a parameter.17 The polarity of the solvent,
represented by the dielectric constant, is accounted for in the
PES of the reaction in solution. Since the viscosity of the solvent
represents the friction imposed on the reactant molecule along
the reaction coordinate, it is a good parameter for the dynamical
solvent effect. Measuring the reaction rates in solvents with
various viscosities can reveal dynamical solvent effects that
cannot be observed by measuring the rate in solvents with
various dielectric constants. Thus, viscosity-dependent rotational
time constants are considered useful in evaluating Kramer’s
theory of reaction rates to explicitly account for frictional forces
imposed on the reaction coordinate by the solvent.

In this study, we measured the temperature- and the viscosity-
dependent trot of the C–C� bonds of CF2BrCF2 radicals produced
by immediate photodissociation of I atoms from CF2BrCF2I in
CCl4 solution using time-resolved IR (TRIR) spectroscopy. The
energies of the reactants and activated complexes were calculated
by DFT using three different functionals to identify a reliable and
practical calculation method without using high-level calculations
that require heavy computing power. The experimentally mea-
sured values were well reproduced by Kramers’ theory with
energies calculated by DFT using the oB97XD functional and
aug-cc-pVTZ basis set. These findings were further tested by
measuring the trot of the C–C� bonds of CF3CF2CF2

� after excita-
tion of CF3CF2CF2I in CCl4 at 293 K. The measured trot of 34 ps is
similar to the value of 30 ps calculated using Kramers’ theory
based on DFT calculations using oB97XD/aug-cc-pVTZ.

Experimental details
Time-resolved mid-infrared spectroscopy

The femtosecond TRIR spectrometer used in this study was
described in detail previously.4,18,19 Briefly, a femtosecond
pulse (800 nm, 110 fs, and 2 kHz) from a Ti:sapphire oscilla-
tor/amplifier system was split to pump an optical parametric
amplifier (OPA) and a third harmonic generator (THG). The
near-IR signal and idler pulses from the OPA were difference-
frequency mixed by a GaSe crystal to generate tunable mid-IR
pulses (120 fs and spectral width of 160 cm�1). The THG
produced a 120 fs, 267 nm pump pulse. A 1 mJ UV pulse was
optically advanced relative to the mid-IR probe pulse and used
to excite the sample, which was probed by the weak (B10 nJ)
mid-IR probe pulse. The isotropic absorbance was measured by
setting the relative polarization of the pump pulse to that of the
probe pulse magic angle (54.71). The experiment was repeated
with probe pulses centered at 920 or 940 cm�1 for CF2BrCF2

and 1050, 1130, 1210, 1270, or 1330 cm�1 for CF3CF2CF2
�. The

data were combined for broader spectral regions than the
spectral width of the probe pulses (160 cm�1). The probe pulses
were sent through the sample and detected by 1 � 128 or 1 �
64 pixel MCT array detectors for wavenumbers of 41000 and
o1000 cm�1, respectively, with a 320 mm monochromator with
a grating of 50, 75, or 100-lines per mm. These settings resulted
in a spectral resolution of 1 and 2.7 cm�1 for the spectral
regions of 41000 and o1000 cm�1, respectively. The instru-
ment response function was 0.2 ps. To avoid complication
arising from the overlap of pump and probe pulses, data were
collected starting from 0.3 ps.

Sample preparation

CF2BrCF2I and n-hexane were purchased from Alfa Aesar and
CF3CF2CF2I, CCl4, and DMF were purchased from Sigma-
Aldrich and used without further purification. The flowing
sample cell consisted of two 2-mm-thick BaF2 windows and a
100-mm-thick Teflon spacer. A peristaltic tubing pump was used
to refresh 50 mM CF2BrCF2I or CF3CF2CF2I in the sample cell
fast enough for each probe pulse at a repetition rate of 2 kHz.
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The sample volume was sufficiently large to maintain the sample
concentration above 98% of the initial concentration, even after
the photoreaction of the sample by 267-nm excitation. The
temperature of the sample was adjusted by passing a coolant
through the sample mount block, which maintained the tem-
perature within �2 K of the set value. Equilibrium UV-vis and
FTIR spectra were collected throughout the experiment to ensure
the integrity of the sample.

Computational details

All quantum chemical calculations were performed using
Gaussian 16 software.20,21 The DFT method with three different
functionals (oB97XD,22,23 APFD,24 and B3LYP25) and the aug-cc-
pVTZ basis set was used for molecular geometry optimization
and calculating the vibrational frequency and energies of the
optimized compounds. The oB97XD functional (the long-range
corrected hybrid density functional with damped atom–atom
dispersion corrections) has been reported to yield satisfactory
accuracy for thermochemistry, kinetics, and non-covalent
interactions.22–27 The APFD functional (the Austin–Frisch–Peters-
son functional with dispersion) was reported to reproduce the
relative conformational energies of organic molecules and the
accuracy of weak interactions is comparable to that of CCSD(T)/
aug-cc-pVTZ.24 The B3LYP functional (the Becke, 3-parameter,
Lee–Yang–Parr exchange–correlation functional) is one of the
most commonly used hybrid functionals.25 The solvent effects
were incorporated into the polarizable continuum model using
the integral equation formalism variant. The calculated para-
meters were used to calculate the rotational rate constant of an
interested compounds using Kramers’ theory of reaction rates.

Results and discussion

Fig. 1 displays IR spectra of CF2BrCF2I, a-CF2BrCF2
�, and g-CF2-

BrCF2
� in CCl4. The equilibrium FTIR spectrum of CF2BrCF2I

was collected at room temperature. The spectra of the two
radicals were obtained from the previous study on the photo-
dissociation dynamics of CF2BrCF2I in CCl4 at 267 nm.4

Although most of the spectral features of three compounds
overlap in the 1400–1050 cm�1 range, the absorption bands in
the 1050–850 cm�1 range are significantly different for each
compound, enabling these bands to be readily distinguished.
Therefore, population changes of the three compounds over
time can be easily monitored by observing changes in the 1050–
850 cm�1 range of the TRIR spectra.

TRIR spectra of CF2BrCF2I in CCl4 at 280, 300, and 310 K
were collected in the spectral region of 1050–850 cm�1 from
0.3 to 1000 ps after excitation at 267 nm and representative
TRIR spectra are shown in Fig. 2(a). The negative band at
993 cm�1 arises from the population depletion of CF2BrCF2I
as I atoms are immediately dissociated upon excitation at
267 nm. The magnitude of this band remained stable over
the measurement period, implying that no geminate recombi-
nation (GR) of the dissociated pairs within 1 ns. The magni-
tudes of the two absorption bands near 900 cm�1 changed over

time, accompanied by peak narrowing and blue shifts. The
blue-shifted and narrowed bands at 943 and 888 cm�1 arise
from g-CF2BrCF2

� and a-CF2BrCF2
�, respectively. The spectral

narrowing and blue shifts result from the thermalization of the
nascent radicals produced under excess energy with a time
constant of 15 � 3 ps.4 The decay of the 943 cm�1 band and
simultaneous intensification of the 888 cm�1 band result from
the equilibration of excess g-CF2BrCF2

� produced during the
photodissociation of CF2BrCF2I via the rotational isomerization
of the nascent radicals.4 The population of each compound was
obtained from the amplitude of the corresponding band once
its extinction coefficient was determined. The relative inte-
grated extinction coefficient of the band at 943 cm�1 compared
with that at 888 cm�1, estimated from the spectra shown in
Fig. 1, is 0.57 � 0.03. Fig. 3(a) exhibits the changes in the mole
fractions of a-CF2BrCF2

� and g-CF2BrCF2
� over time, which were

determined from the changes in the integrated area of the
corresponding bands and the ratio of the integrated extinction
coefficients of the bands. As shown in Fig. 3(a), the changes in
mole fractions at 280, 300, and 310 K were well described by the
interconversion kinetics between two isomers, with time con-
stants of 48, 34, and 30 ps, respectively. These values represent
the trot for the C–C� bond of CF2BrCF2

� in CCl4 at the corres-
ponding temperatures.

The excess energy from the photodissociation of vicinal
dihaloethanes has been reported to partition roughly equally
between internal degrees of freedom and translation.28,29 Given
that the excitation energy is 107 kcal mol�1 (267 nm) and the
dissociation energy of the C–I bond is 52 kcal mol�1, the
internal energy of the nascent CF2BrCF2

� is approximately
28 kcal mol�1. The partitioning between rotational and vibra-
tional energies remains unknown. Clearly, the dissociation of
CF2BrCF2

� would generate considerable rotational energy, but
this excess energy is expected to relax into the surrounding

Fig. 1 IR spectra of CF2BrCF2I, a-CF2BrCF2
�, and g-CF2BrCF2

� in CCl4
solution. Inset: Optimized structures of two CF2BrCF2 radicals calculated
using DFT method employing oB97XD/aug-cc-pVTZ. The gray, light blue,
and red spheres represent C, F, and Br atoms, respectively.
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solvent within a few picoseconds. Thus, the rotational isomer-
ization process is unlikely to be significantly affected by the
excess energy. The dissociated I atom may remain in the
vicinity of CF2BrCF2

�. Due to its bulkiness and polarizability,
the presence of the I atom could influence the dielectric
environment and mechanical friction of the C–C isomerization
process, as well as the Gibbs free energy of the nascent radical.
If the I atom remains near the nascent CF2BrCF2 radical, it
could geminately rebind with the radical, reverting it to the
reactant. However, no GR was observed in the photodissocia-
tion of CF2BrCF2I at 267 nm,19 indicating that the dissociated
I atom does not stay close enough to interact with CF2BrCF2

�.
Therefore, the presence of the dissociated I atom was not
considered in the analysis of the C–C isomerization process.

While the excess rotational and translational energies of radi-
cals produced from photodissociation dissipate within a few
picoseconds, the excess vibrational energy relaxes on the same
time scale as the observed rotational isomerization time con-
stants. Although the impact of excess vibrational energy on
rotational isomerization remains unclear, it may accelerate the
process. Therefore, the experimentally observed rotational time
constants represent the lower limit.

As mentioned above, a solvent can influence a chemical
reaction by perturbing the reaction PES. The energies of the
reactants and activated complex in solution were calculated by
incorporating the dielectric constant of the solvent to represent
its contribution.30 To explore the contribution of the solvent
viscosity (dynamical solvent effect), comparative measurements

Fig. 2 Representative TRIR spectra of CF2BrCF2I in (a) CCl4 at 280, 300,
and 310 K and in (b) n-hexane and DMF at 293 K collected 0.3–1000 ps
after excitation at 267 nm in the spectral region of 1050–850 cm�1 where
absorption bands for reactant and photoproducts are well separated. The
absorbance difference (DA) is given in units of optical density (OD), where
1 mOD = 10�3 OD. Data (open circles) are well reproduced by summing
the three absorption bands for CF2BrCF2I (black), g-CF2BrCF2

� (blue), and
a-CF2BrCF2

� (red). A bleach band appears near 850 cm�1 in DMF as the
band shifts within the probe window. This band is outside the probe
window in other solvents.

Fig. 3 (a) Changes of the mole fractions for g-CF2BrCF2
� and

a-CF2BrCF2
� produced by the photoexcitation of CF2BrCF2I in CCl4 at

280, 300, and 310 K. Excess g-CF2BrCF2
� was produced upon photo-

excitation at 267 nm and relaxes to equilibrium mole fractions of 0.02–
0.03, 0.02–0.04, and 0.03–0.05 at 280, 300, and 310 K, respectively. The
equilibrium mole fraction was estimated from the calculated Gibbs free
energy differences between two CF2BrCF2

� isomers in CCl4 at 280, 300,
and 310 K using DFT with the aug-cc-pVTZ basis set (Table 1). The changes
in the mole fractions (symbols) were well described by the interconversion
kinetics between two isomers (solid lines) with time constants of 48, 34,
and 30 ps, which are attributed to the trot values for the C–C� bond of
CF2BrCF2

� in CCl4 at 280, 300, and 310 K, respectively. (b) Changes in the
mole fractions of g-CF2BrCF2

� and a-CF2BrCF2
� under the photoexcitation

of CF2BrCF2I in n-hexane and DMF at 293 K. Excess g-CF2BrCF2
� was

produced upon photoexcitation at 267 nm, which relaxes to an equilibrium
fraction of 0.02–0.04. This was estimated from the calculated Gibbs free
energy differences between two CF2BrCF2

� isomers in n-hexane and DMF
at 293 K using DFT with the aug-cc-pVTZ basis set (Table 1). The changes
in the mole fractions (symbols) were well described by the interconversion
kinetics between two isomers (solid lines) with time constants of 24 and 35 ps,
which are attributed to the trot values of the C–C� bond of CF2BrCF2

� in
n-hexane and DMF at 293 K, respectively. The nascent photoproducts of
CF2BrCF2I at 267 nm are B18% CF2ICF2

� and B82% CF2BrCF2
�, but we

considered only CF2BrCF2
� in calculating the mole fractions for simplicity.
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of the reaction rates using solvents with different viscosities but
the same dielectric constants or the same viscosities but
different dielectric constants would be valuable. A good solvent
for TRIR spectroscopy under 267-nm excitation should have
negligible absorption at 267 nm, a good IR spectral window in
the probed spectral region (here, 1050–850 cm�1), and reason-
able solubility of the target reactant molecule. n-Hexane and
dimethylformamide (DMF) are good solvents for the TRIR
spectroscopy of CF2BrCF2I as they satisfy the above-
mentioned conditions. In addition, the dielectric constant (e)
of n-hexane (e = 1.882) is similar to that of CCl4 (e = 2.228) but its
viscosity (0.31 mPa s at 293 K) is about one-third that of CCl4

(0.91 mPa s at 293 K).31 In contrast, the viscosity of DMF (0.86
mPa s at 293 K) is similar to that of CCl4, but its dielectric
constant (e = 37.32) is about 17 times higher than that of CCl4.
Therefore, the trot values of CF2BrCF2

� were also measured in n-
hexane and DMF solutions for comparison.

TRIR spectra of CF2BrCF2I in n-hexane and DMF were
collected at 293 K in the spectral region of 1050–850 cm�1 from
0.3 to 1000 ps after excitation at 267 nm. Representative TRIR
spectra are shown in Fig. 2(b). The bleach bands arise from the
population depletion of CF2BrCF2I and their magnitudes
remain constant up to 1 ns, as is the case for the TRIR
spectra of CF2BrCF2I in CCl4. Although the absorption bands
in n-hexane and DMF are slightly shifted compared to
those obtained in CCl4, the spectral evolution is similar to
that observed in CCl4, namely the decay of the band near
940 cm�1 and simultaneous growth of the band near
890 cm�1, accompanied by blue shifts and peak narrowing.
Therefore, the bands near 940 and 890 cm�1 were assigned to g-
CF2BrCF2

� and a-CF2BrCF2
�, respectively.

The changes in the mole fractions of g-CF2BrCF2
� and

a-CF2BrCF2
� in n-hexane and DMF were obtained from the

time-dependent amplitude changes of the corresponding
bands by assuming that their integrated extinction coefficients
are the same as those in CCl4. Inaccuracies in the extinction
coefficients result in changes in the final equilibrated mole
fractions but they do not influence the trot values, which are the
parameters of interest here. As shown in Fig. 3(b), the mole
fractions of g-CF2BrCF2

� and a-CF2BrCF2
� in n-hexane and DMF

at 293 K change simultaneously, and trot values of 24 and 35 ps,
respectively, were determined.

A trot of 37 ps for CF2BrCF2
� in CCl4 at 293 K was inter-

polated from data at 280, 300, and 310 K. Changing the solvent
from CCl4 to n-hexane results in a decrease in the viscosity
(by a factor of B3), and the corresponding trot decreases by
B1.5 times. In contrast, the significant difference in the
dielectric constants (that of DMF is B17 times higher than
that of CCl4) has a negligible effect on trot. Therefore, the trot of
CF2BrCF2

� is significantly affected by the solvent viscosity but
not its dielectric constant. When the charge distribution of the
reactant is similar to that in the transition state and/or the
polarities of the reactant compounds are small, the PES along
the reaction coordinate is not significantly influenced by the
polarity of the solvent (i.e., the dielectric constant), and thus
has little influence on the rate constant of the reaction.12,13

Kramers expressed the rate constant of a chemical reaction
in solution, ks, as follows:12,13

ks ¼
oR

2poTS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2

4
þ oTS

2

s
� g
2

0
@

1
A exp �DrE

RT

� �
(1)

where g ¼ 6pZRh

M
; DrE = ETS � ER.

Here, oTS and oR are the angular frequencies associated
with the reactive mode in the transition state and reactant,
respectively, g is the friction constant of the solvent, M is the
reactant mass, Z is the viscosity of the solvent, Rh is the
hydrodynamic radius of the compound, and ETS and ER are
the energies of the transition state and reactant, respectively.
Eqn (1) can be further expressed as follows:13

ks ¼
1

oTS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2

4
þ oTS

2

s
� g
2

0
@

1
A� oR

2p
exp �DrE

RT

� �

ks ¼ kKRkTST

(2)

where

kKR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ g

2oTS

� �2
s

� g
2oTS

kTST ¼
oR

2p
exp �DrE

RT

� �

Kramers’ theory of reaction rates shows that ks is described
simply as a product of the transmission coefficient, kKR, and
the rate constant calculated by conventional TST, kTST. In
Kramers’ theory, the dynamical solvent effect is represented

Table 1 Change in the Gibbs free energy of g-CF2BrCF2
� relative to a-

CF2BrCF2
� (DG) and the mole fraction of g-CF2BrCF2

� (xG) in various
solvents at various temperatures. The energies were calculated at the
given temperatures using three different DFT functionals (oB97XD, APFD,
and B3LYP) and the aug-cc-pVTZ basis set

Solvent Method
Temp.
(K)

DG
(kcal mol�1)

xG

(%)

CCl4 oB97XD 280 2.258 3.3
293 2.253 4.0
300 2.251 4.4
310 2.247 5.0

APFD 280 2.586 1.9
293 2.581 2.3
300 2.578 2.6
310 2.573 3.0

B3LYP 280 2.668 1.6
293 2.664 2.0
300 2.663 2.3
310 2.659 2.6

n-Hexane oB97XD 293 2.257 4.0
APFD 2.583 2.3
B3LYP 2.668 2.0

DMF oB97XD 293 2.224 4.2
APFD 2.560 2.4
B3LYP 2.632 2.1
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by kKR. As ETS and ER are calculated in solution, the static
solvent effect is incorporated in kTST via DrE.

The rotational interconversion rates for the anti-to-gauche
(kAG) and gauche-to-anti (kGA) conversions of CF2BrCF2

� were
calculated using Kramers’ theory with the corresponding kTST

(kTST,AG and kTST,GA, respectively) and kKR (kA
KR, kG

KR, respec-
tively) values as follows.

kAG ¼ kAKRkTST;AG

kGA ¼ kGKRkTST;GA

(3)

where

kTST;AG ¼ 2
oA

2p
exp �DETA

RT

� �
; DETA ¼ ETS � EA

kTST;GA ¼
oG

2p
exp �DETG

RT

� �
; DETG ¼ ETS � EG

kAKR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ gA

2oTS

� �2
s

� gA

2oTS
; gA ¼ 6pZRA

h

M

kGKR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ gG

2oTS

� �2
s

� gG

2oTS
; gG ¼ 6pZRG

h

M

Here, o and E have the same meanings as in eqn (1), and the
subscripts or superscripts G and A indicate the gauche- and anti-
states of the isomer, respectively. RA

h and RG
h represent the

hydrodynamic radii of the anti and gauche compounds, respec-
tively. Note that multiplication by the pre-factor of 2 is required

in the calculation of kTST,AG as there are two gauche isomers in
CF2BrCF2

�.4 The rotational isomerization rate, krot is obtained
from the rotational interconversion rates:4

krot = kAG + kGA (4)

Therefore, trot is calculated using

trot ¼
1

kAG þ kGA
(5)

Three different DFT functionals were used to calculate the
energies and vibrational frequencies of the target compounds
using the aug-cc-pVTZ basis set. Namely, oB97XD was reported
to yield satisfactory accuracy in thermochemical studies,22,23

APFD is reliable for energy calculations,24,26 and B3LYP is one
of the most widely used DFT methods.25,27 Table 2 shows the
trot values of CF2BrCF2

� dissolved in various solvents obtained
using Kramers’ theory based on the energies and vibrational
frequencies calculated using the three DFT functionals. Among the
values calculated using the three DFT functionals, although the kKR

values are similar and the rotational barriers are within a fraction of
a kcal mol�1, the trot values significantly differ. The DETG of
CF2BrCF2

� in CCl4 is smaller than DETA by 2.32–2.74 kcal mol�1,
resulting in a kGA that is more than 18 times larger than kAG.
Therefore, the trot of CF2BrCF2

� is dominated by the intercon-
version time of (kGA)�1, implying that DETG is the major
influencing factor in the calculation of trot. The DETG values
calculated using the three DFT functionals differ marginally,
by o0.36 kcal mol�1, which is within the accepted accuracy
of energy calculations for general purposes. However, the

Table 2 Rotational isomerization time constant calculated using the Kramers’ theory (t(cal’d)
rot ) for CF2BrCF2

� dissolved in various solvents. The
experimentally determined values (t(exp)

rot ) are shown for the comparison. Energies and vibrational frequencies were calculated using three different
DFT functionals (oB97XD, APFD, and B3LYP) and the aug-cc-pVTZ basis set. Zero-point corrected energies were used to calculate the rotational energy
barrier. The reactive mode in the transition state (oTS) corresponds to the mode with an imaginary frequency in the transition sate

Solvent31 Method
Temp.
(K)

Viscosity32,33

(mPa s)

oTS

2pc
;
oA

2pc
;
oG

2pc
cm�1
� � DETG

(kcal mol�1)
DETA
(kcal mol�1) kA

KR, kG
KR

t(cal’d)
rot

(ps)
t(exp)

rot
(ps)

CCl4 (e = 2.228) oB97XD 280 1.13 65, 72, 59 2.06 4.40 0.42, 0.38 58 48
293 0.91 0.48, 0.44 42 (37)a

300 0.83 0.51, 0.47 36 34
310 0.72 0.55, 0.51 30 30

APFD 280 1.13 63, 70, 57 1.70 4.38 0.36, 0.37 33 48
293 0.91 0.42, 0.43 25 —
300 0.83 0.45, 0.46 21 34
310 0.72 0.49, 0.50 18 30

B3LYP 280 1.13 64, 71, 57 1.87 4.61 0.41, 0.40 44 48
293 0.91 0.47, 0.46 30 —
300 0.83 0.50, 0.50 26 34
310 0.72 0.54, 0.54 22 30

n-Hexane (e = 1.882) oB97XD 66, 72, 59 2.08 4.42 0.73, 0.74 26 23
APFD 293 0.31 64, 71, 57 1.73 4.40 0.74, 0.74 15 23
B3LYP 64, 71, 56 1.89 4.63 0.74, 0.72 20 23

DMF (e = 37.22) oB97XD 64, 72, 58 1.92 4.24 0.48, 0.46 32 35
APFD 293 0.86 60, 70, 55 1.57 4.23 0.44. 0.47 19 35
B3LYP 61, 71, 56 1.72 4.43 0.45, 0.44 25 35

a Interpolated value from data at 280, 300, and 310 K.
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calculated trot values for CF2BrCF2
� in CCl4 differ by up to

1.9 times (see Table 2). As stated earlier, accurate PES values are
a prerequisite for accurately calculating rate constants.
Although high-level calculations of the PES along the reaction
coordinate would be beneficial for the accurate calculation of
the rate constants, DFT calculations were used for the sake of
practicality, as high-level methods such as CCSD(T) require
more time and computing power.

As expected, the kKR values were similar for solvents with
similar viscosities, such as CCl4 and DMF. Although the dielec-
tric constant of DMF is 17 times larger than that of CCl4, the
rotational energy barriers of CF2BrCF2

� in these two solvents
differ by only 0.13–0.18 kcal mol�1, resulting in similar trot

values in these solvents, i.e., 42 (32), 25 (19), and 30 (25) ps in
CCl4 (DMF) at 293 K were calculated using the oB97XD, APFD,
and B3LYP functionals, respectively. The kKR of CF2BrCF2

� in
n-hexane is 1.6–1.7 times larger than that in CCl4, but the
rotational energy barriers are similar in n-hexane and CCl4,
resulting in smaller trot values in n-hexane (by a factor of 1.5–1.7).
The rotational isomerization of CF2BrCF2

� in n-hexane was B1.6
times faster than that in CCl4 due to the 3 times smaller viscosity of
n-hexane than CCl4, resulting in 1.6–1.7 times larger kKR values.
The influence of solvent viscosity on C–C� bond rotation is
significant whereas that of the solvent dielectric constant is negli-
gible, and Kramers’ theory successfully estimated trot of the C–C�

bond for CF2BrCF2
� in solution.

Table 2 shows the temperature-dependent trot values of the
C–C� bond for CF2BrCF2

� in CCl4 and the viscosity-dependent
trot values at 293 K calculated based on the energies and
vibrational frequencies of the related compounds using three-
different DFT functionals. The experimentally determined trot

values of CF2BrCF2
� in CCl4 at 280, 300, and 310 K, as well as

those in n-hexane and DMF, best match the values obtained
based on the DFT calculation using oB97XD/aug-cc-pVTZ.
Although the oB97XD functional provided the best match with
the experimental values, the other functionals used (APFD and
B3LYP) also resulted in a reasonable match.

To test the validity of the rate constants calculated by
Kramers’ theory, we measured the trot about the C–C� bond
of ethyl derivatives other than CF2BrCF2

� and compared the
values with the calculated ones. The equilibrium UV-vis and
FTIR spectra of CF3CF2CF2I are given in Fig. 4. This compound
is known to dissociate I atoms upon UV excitation34 and
the produced radicals are expected to have two rotational
conformers, g-CF3CF2CF2

� and a-CF3CF2CF2
�. TRIR spectra of

CF3CF2CF2I in CCl4 at 293 K were collected from 0.3 to 1000 ps
in the spectral region of 1400–1000 cm�1 after excitation at
267 nm and representative TRIR spectra are shown in the lower
panel of Fig. 5. Although congested, the TRIR spectra were
expected to include contributions from three compounds: the
reactant (CF3CF2CF2I) and two photoproducts (g-CF3CF2CF2

�

and a-CF3CF2CF2
�). The TRIR spectra were globally fitted using

three basis spectra: equilibrium CF3CF2CF2I spectrum, and
spectra of g-CF3CF2CF2

� and a-CF3CF2CF2
�. The negative

peaks were reproduced by inverting the equilibrium spectrum
of CF3CF2CF2I. New absorption features were recovered by

summing the two spectra assigned to g-CF3CF2CF2
� and a-

CF3CF2CF2
� with the help of the vibrational frequencies calcu-

lated by DFT using oB97XD/aug-cc-pVTZ. The lower panel of
Fig. 5 shows that the TRIR spectra are reproduced well by the
sum of the three basis spectra shown in the upper panel of
Fig. 5.

Time-dependent amplitude changes of the basis spectra for
g-CF3CF2CF2

� and a-CF3CF2CF2
� were obtained from global

fitting, as shown in Fig. 6. The amplitude changes demonstrate
that the fraction of a-CF3CF2CF2

� decreases while that of g-
CF3CF2CF2

� increases simultaneously, indicating that excess a-
CF3CF2CF2

� produced upon photodissociation of CF3CF2CF2I
rotationally isomerizes into g-CF3CF2CF2

�. The relative Gibbs
free energies of g-CF3CF2CF2I (g-CF3CF2CF2

�) compared to
those of a-CF3CF2CF2I (a-CF3CF2CF2

�) were calculated to be
1.83 (0.21) kcal mol�1 at 293 K, resulting in equilibrium mole
fractions of a-CF3CF2CF2I (a-CF3CF2CF2

�) of 0.92 (0.42). The
mole fractions of the rotational isomers for the nascent photo-
product appear similar to those of the reactant, indicating that
the rotational conformer of CF3CF2CF2I in CCl4 mostly dissoci-
ates I atoms before rotational isomerization occurs under
excitation at 267 nm. In other words, B92% of the dissociated
radicals are expected to be a-CF3CF2CF2

� and, thus, they
undergo rotational isomerization to reach the equilibrium
mole fraction of 42%.

Time-dependent amplitude changes of the basis spectra for
g-CF3CF2CF2

� and a-CF3CF2CF2
� were well reproduced by the

kinetics of rotational isomerization of CF3CF2CF2
� with a time

constant of 34 ps. In other words, trot = 34 ps around the C–C�

bond of CF3CF2CF2
� in CCl4 at 293 K. A trot of 30 ps was

calculated at 293 K using Kramers’ theory based on the energies

Fig. 4 Equilibrium (a) UV-vis and (b) FTIR spectra of CF3CF2CF2I in CCl4
solution measured at room temperature. The calculated vibrational spec-
tra of g-CF3CF2CF2I (blue) and a-CF3CF2CF2I (red) are shown as vertical
lines with a scale factor of 0.989.
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and vibrational frequencies calculated by DFT with oB97XD/
aug-cc-pVTZ. The calculated and experimental trot values are
similar, confirming that Kramers’ theory is suitable for calcu-
lating trot around the C–C bond of ethyl derivatives in solution.
We also calculated the trot for several ethyl derivatives and
ethane derivatives (see Table 3). For example, trot = 58 ps for
CH3CH2CH2CH3 in CCl4 at 298 K, which is about 3 times slower
than the values obtained by MD simulations of n-butane as a
model liquid at 292 or 273 K, but slightly faster than the value
of 81 ps estimated using k = 0.75 and the value of the TST.4

Since all of the MD simulations referenced here used the
Ryckaert–Bellemans dihedral angle potential, which has a
lower barrier energy than that calculated by DFT,4,35 a faster
rotational time is expected. It would be interesting to determine
the trot of CH3CH2CH2CH3 in CCl4 by performing MD

simulations using the rotational barrier obtained by the DFT
method used here.

A trot of 0.64 ns was calculated for CH2ClCF2Cl, which can be
determined experimentally by 2D IR vibrational echo spectro-
scopy as the two gauche- and anti-conformations have distinct
C–F stretching modes and the vibrational relaxation time is
slow enough to determine trot. In a future study, we plan to
measure trot around the C–C bond of CH2ClCF2Cl to compare
the experimental value with the calculated one to confirm that
the use of Kramers’ theory and DFT calculations with oB97XD/
aug-cc-pVTZ estimates trot with sufficient accuracy. These find-
ings could be relevant for analyzing the C–C(�) bonds of ethane
derivatives as well as ethyl radical derivatives.

Kramers’ theory, a classical approach in theoretical reaction
dynamics, assumes diffusive barrier crossing and primarily
relies on the harmonic approximation of the modes along the
reaction coordinate. However, the nascent CF2BrCF2

� may not
be in a fully thermal equilibrium state during the rotation.
Despite this, Kramer’s theory appears sufficient for calculating
a reliable rate constant of rotation along the C–C� bond of
CF2BrCF2

� in solution. The rotational time constant along the
C–C(�) bond in organic compounds can be estimated using
Kramers’ theory combined with DFT calculations.

Conclusion

We measured the temperature- and viscosity-dependent trot

about the C–C� bond of CF2BrCF2
� in solution and compared

these values with those calculated using Kramers’ theory of
reaction rates. The rotational energy barriers and vibrational
frequencies of the related compounds required for the calcula-
tion of the rate constant using Kramers’ theory were calculated
by DFT using three different functionals (oB97XD, APFD, and
B3LYP) with the aug-cc-pVTZ basis set to identify a reliable and
practical computational method without the need for high-level

Fig. 5 (Top) Basis spectra used to fit the TRIR spectra for CF3CF2CF2I, g-
CF3CF2CF2

�, and a-CF3CF2CF2
�. The calculated peaks are labeled as vertical

lines with a scale factor of 0.989. Also shown are the optimized structures of
two CF2BrCF2 radicals calculated using DFT with oB97XD/aug-cc-pVTZ
conditions. The gray and light blue spheres represent C and F atoms,
respectively. (Bottom) Representative TRIR spectra of CF3CF2CF2I in CCl4
at 293 K after excitation at 267 nm. The absorbance is given as the optical
density (OD), where 1 mOD = 10�3 OD. The spectra were decomposed into
their basis spectra (color-coded as shown in the top panel). Data (open
circles) were well described by the sum of three basis spectra (black lines).

Fig. 6 Time-dependent amplitude changes of the basis spectra of g-
CF3CF2CF2

� and a-CF3CF2CF2
� obtained by globally fitting TRIR spectra of

CF3CF2CF2I in CCl4 at 293 K after excitation at 267 nm. The amplitude
changes (open circles) are well reproduced by the rotational isomerization
kinetics with a time constant of 34 ps (solid lines).
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calculations. The trot values calculated using Kramers’ theory and
the DFT results were similar to the experimental ones, and the
oB97XD/aug-cc-pVTZ DFT conditions gave the best results. The trot

values calculated using Kramers’ theory and oB97XD/aug-cc-pVTZ
DFT were further validated by experimentally measuring the trot

about the C–C� bond of CF3CF2CF2
� in CCl4 at 293 K by photo-

dissociating I atoms from CF3CF2CF2I at 267 nm. The findings
confirm that reliable trot values about the C–C(�) bond of ethyl
radical and ethane derivatives in solution can be readily obtained
using Kramers’ theory and DFT.
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