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Tracking intramolecular energy redistribution
dynamics in aryl halides: the effect of halide mass7

Xiaosong Liu, ©2 Yunfei Song,® Wei Zhang,? Gangbei Zhu,® Zhe Lv,? Weilong Liu*?
and Yangiang Yang*®®

Selective excitation of C—H, C—C, CX* and CX2 stretching vibrational modes in an orderly manner, detection
of intramolecular energy redistribution and vibrational coupling in the electronic ground state of aryl halides
are performed by time- and frequency-resolved Coherent Anti-Stokes Raman Scattering (CARS)
spectroscopy. Intramolecular energy flow from parent modes to daughter modes is observed in the
experiment. According to the experimental results, it is found that the up-hill vibrational energy flow
from lower frequency modes to higher frequency ones is counterintuitive and energy redistribution
efficiencies are controlled by the mass of the halide. The selectivity and directionality of energy flow are
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Introduction

The substituent effect is one of the most important concepts in
chemistry, biochemistry, and related fields."* When substituted
benzenes became the subject of a spectroscopic study,*® there
was much confusion regarding the results, such as the influ-
ence of substituents on reactivity and stability of the very wide
range of organic species containing aromatic moieties.”**
Analysis of mono-substituted benzenes reveals that the influ-
ence of a single group will be essential.""

Monosubstituted benzenes are chosen for this study because
of our prior knowledge of benzene's intramolecular energy
redistribution,” and we can describe a series of molecules
where the basic phenyl structure remains unchanged. Accord-
ing to our previous work," isolated-molecule energy flow of
benzene was described, so the vibrational energy redistribution
observed in liquid aryl halides X-Ph (X = F, Cl, Br, I; -Ph =
CeHs) is entirely a consequence of intramolecular interactions.
Using the narrow band CARS technique, it is easy to understand
the effect of substituent mass on vibrational energy redistri-
bution. We see two prominent ring stretching modes, vcy
(~3070 cm™ ), v¢c (~1580 cm ™ 1), whose frequencies in benzene
and in aryl halides are quite similar, along with two substituent-
dependent modes of vgx (~1080 em ™), and vexe (~700 cm ™).
In subsequent comparisons of intramolecular energy
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also discussed in view of vibrational symmetry.

redistribution within the series of aryl halides F, Cl, Br and I, we
will refer to increasing mass, that means halide substitution can
affect the vibrational dynamic via mass effects.

In this work, vibrational modes of phenyl and substituent-
dependent are selectively excited, and the normal intra-
molecular energy flow from high frequency phenyl modes to
neighbouring bands and the counterintuitive up-hill energy
flow from substituent-dependent modes to higher phenyl
modes are detected. Quantum beats among these relevant
modes in the vibrational ground state are observed, and the
vibrational coupling information is extracted via Fourier anal-
ysis. The effects of halide mass on the efficiencies of intra-
molecular energy redistribution are described.

Experimental

The light source we used is a Ti:sapphire laser system (Spectra-
Physics). The duration, repetitive frequency, single pulse
energy, and center wavelength of the pulse generated from
a regenerative amplifier (Spitfire, Spectra-Physics) are 110 fs, 1
kHz, 500 pJ and 800 nm, respectively. The output beam is split
by a 9:1 beam splitter, then the beam with 90% energy is
focused into an optical parametric amplifier (OPA) and the
output pulse is further split into two beams that are used as
pump and probe pulses; the other beam with 10% energy is
served as the Stokes pulse (800 nm, FHWM: 13.4 nm, 795-808
nm). Photon energy difference between the Stokes and pump
pulses is tuned by changing the center wavelength of the pump
pulse, which can achieve the selective excitation of a particular
vibrational mode. Specifically, the center wavelengths of the
pump and probe pulses are changed from 763 to 645 nm, the
center wavelength of the Stokes pulse is fixed at 800 nm. The
Raman active vibrational modes vcxe ~ 700 cm™?, voxr ~
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1080 cm ™ ', v (in range from 1320 cm ™" to 1590 cm™ ') and vcy
~ 3070 cm™' are selectively excited. Regarding the beam
geometry, the folded BOXCAR configuration with properly
chosen angles between the beams defined by the phase-
matching condition is employed. Thus, the CARS signal is
spatially separated from the other beams. The detection setup
consists of a spectrometer (Bruker Optics 500 IS/SM) and an
intensified charge coupled device (ICCD, Andor DU440-BU2).

Results and discussion
Vibrational mode assignments

The vibrational modes of aryl halides in our work are essentially
in agreement with the experimental assignments of the vibra-
tional spectra,’®**” we group them into three categories,
namely, the phenyl modes, the substituent modes, and the
combination bands. The vibrational mods of theory calculation
results by Gaussian 03 are listed in ESI (Tables 5-87). The visible
modes in the CARS experiments are sorted as follows:

(1) Phenyl modes: the vy (~3070 em ™, A; or B; symmetry);
vce (in range from 1320 em™ to 1590 cm™ ', A; or B; symmetry);
Bcu (in range from 1000 em ™! t0 1290 cm ™Y, A or B, symmetry);
vcu (in range from 730 ecm ™" to 980 cm ™, A, or B, symmetry);
$oc (~600 cm™?, B,, B, or A, symmetry).

(2) Substituent-dependent modes: vcxr (~1080 cm™*, 4,
symmetry), vex2 (~700 cm™ ', A; symmetry).

(3) Combination bands: vcyp ~ 2230 cm™* (B; symmetry, vex:
~ 1080 ecm ' + Bey ~ 1150 em ); oy ~ 2500 cm ' (A4
symmetry, voc ~ 1450 ecm ™" + Bey ~ 1066 cm™ '), 101

Selective excitation of the C-H stretching vibrational modes

Selective excitation of high frequency C-H stretching vibra-
tional modes and detection of vibrational energy redistributes
to lower frequency combination bands are shown in Fig. 1. The
white lines are the experimental spontaneous Raman spectra of
aryl halides. Vibrational modes in the frequency range from
2752 cm” ' to 3298 cm " are selectively excited by a pair of pump
(642 nm, FHWM: 14 nm, 638-652 nm) and Stokes pulses
(800 nm, FHWM: 13 nm, 795-808 nm), combination bands

1000 1500 2000 2500 3000 3500 4000
Raman shift/em™

1000 1500 2000 2500 3000 3500 4000
Raman shift/em™

Fig. 1 The C—H stretching vibrational modes of aryl halides are
selectively excited, intramolecular energy flow to combination bands.
Aryl halides: (a) F—Ph, (b) Cl-Ph, (c) Br—Ph, and (d) I-Ph.
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arising from vibrational energy redistribution are shown in
Fig. 1(a)-(d), respectively. The high frequency C-H stretching
vibrational modes around 3070 cm ™" of aryl halides are excited
instantaneously. It is found that the intramolecular vibrational
energy flow to the lower frequency substituent-dependent
modes vcxr ~ 1080 ecm ™', v (in range from 1320 ecm™* to
1590 cm™ ') and B¢y (in range from 1000 em ™" to 1290 cm ™).
Moreover, the signal at 2230 cm ™" is not fundamental modes, it
emerges due to the Fermi resonance of vcx: ~ 1080 cm™ ! and
Bca ~ 1150 cm™ ' modes, another combination band at
2500 cm ™’ emerges due to the Fermi resonance of vee ~
1450 cm ™! and Bey ~ 1066 cm ™ modes.>*° Time-domain CARS
spectra of fluorobenzene (F-Ph), chlorobenzene (Cl-Ph), bro-
mobenzene (Br-Ph), and iodobenzene (I-Ph) are shown in
Fig. 1(a)-(d), respectively. Quantum beats in CARS spectra are
derived from vibrational coupling of C-H stretching modes and
combination bands. Through Fourier analysis, the dynamic
characteristics of the modes or combination bands involved in
vibrational coupling can be extracted.

FT power spectra contain vibrational couplings information
of high frequency C-H stretching vibrational modes and lower
frequency combination bands which are located outside of the
direct excitation region, as shown in Fig. 2. Peak positions in the
FT power spectra indicate the frequency difference between the
two neighbouring modes. Fig. 2(a)-(d) correspond to the Four-
ier analysis of CARS signals of F-Ph, Cl-Ph, Br-Ph and I-Ph,
respectively. The peaks of Fourier transform (FT) power spectra
that marked by Q; are corresponding to the vibrational coupling
of high frequency C-H stretching vibrational modes and
combination bands. Detailed information of coherent coupling
among these relevant modes and their assignments are listed in
ESI (Table 1), frequency difference between the identified
vibrational modes matches well with the results from the FT
spectra of aryl halides.

Combining the time-domain CARS spectra and its FT power
spectra, vibrational couplings between high frequency C-H
stretching vibrational modes are confirmed. Meanwhile lower
frequency combination bands vcy ~ 2230 em™* and vy ~
2500 cm ™" which are secondly excited by vibrational energy
redistribution are also identified.

FT wavenumber/cm™

FT wavenumber/cm™

2600 2800 3000 3200 2600 2800 3000 3200
Raman shift/em™!

Raman shift/cm

Fig.2 FT power spectra of the C—H stretching vibrational modes and
combination bands. Aryl halides: (a) F—Ph, (b) Cl-Ph, (c) Br—Ph, and (d)
[-Ph.

This journal is © The Royal Society of Chemistry 2018
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Selective excitation of the C-C stretching vibrational modes

Vibrational modes in the frequency range from 1362 to
1788 cm ™" are selectively excited by a pair of pump (711 nm,
FHWM: 11 nm, 706-717 nm) and Stokes pulses (800 nm,
FHWM: 13 nm, 795-808 nm), combination bands arising from
intramolecular energy redistribution are shown in Fig. 3. There
are five C-C stretching vibrational modes and all of them are
excited simultaneously. Fig. 3(a)-(d) are the time-resolved CARS
spectra of F-Ph, Cl-Ph, Br-Ph and I-Ph, respectively. The white-
coded lines represent the experimental spontaneous Raman
spectra of aryl halides. Combination bands (vcy: ~ 2230 cm™*
and vy ~ 2500 ecm™ ') and in-plane C-H deformations (8cy ~
1150 cm™ ') modes emerge in the CARS spectra even though they
are outside of direct excitation range. It denotes vibrational
energy can flow from lower frequency modes to higher ones.
Vibrational couplings will lead to quantum beats in the time-
resolved CARS spectra, and the characteristic frequencies of
beats can be extracted through Fourier analysis.

Fourier analysis is performed to identify the vibrational
modes involved in coherent coupling in the direct excitation
region around 1500 cm ™, as shown in Fig. 4. The peaks of FT
power spectra that marked by Q; (i = 1-6) are corresponding to
the vibrational coupling of C-C stretching vibrational modes
and in-plane C-H deformations (8cy ~ 1150 cm™') modes of
aryl halides, as described in Fig. 4(a)-(d). Detailed assignments
of coherent couplings of C-C stretching vibrational modes and
in-plane C-H deformations modes are listed in ESI (Table 27).
The vibrational couplings of C-C stretching v¢c (in range from
1320 cm™ " to 1590 cm™ ') and B¢y (in range from 1000 cm ™ to
1290 cm ) can be identified easily.

Combining the results of time-domain CARS spectra of aryl
halides and their FT power spectra, it can be confirmed that the
vibrational energy can flow from C-C stretching vibrational
modes to combination bands and the in-plane C-H deforma-
tion modes. Vibrational modes of C-C stretching vcc (in range
from 1320 ecm ™" to 1590 cm ™', A, or B; symmetry) involved in
couplings are confirmed.

Delay time/ps

| 56.50

Delay time/ps

1345
2125
2645

0.8
500 1000 1500 2000 2500 3000 3500
Raman shift/cm-!

500 1000 1500 2000 2500 3000 3500
Raman shift/cm!

Fig. 3 The C-C stretching vibrational modes are selectively excited,
intramolecular energy flow to combination bands and in-plane C-H
deformations modes (B¢ ~ 1150 cm™). Aryl halides: (a) F—Ph, (b) Cl—
Ph, (c) Br—Ph, and (d) I-Ph.
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FT wavenumber/cm’'

FT wavenumber/cm’'

1300 1400 1500 1600
Raman shift/cm!

1700 1300 1400 1500 1600 1700
Raman shift/cm!

Fig. 4 FT power spectra of C-C stretching vibrational modes vcc
(~1580 cm™) and in-plane C—H deformations modes (Bcy ~
1150 cm™). Aryl halides (a) F-Ph, (b) Cl~Ph, (c) Br—Ph, and (d) I-Ph.

Selective excitation of the substituent-dependent mode vcx:

Vibrational modes in the frequency range from 880 cm™' to

1303 cm~ ' are directly excited by pump (745 nm, FHWM:
12 nm, 739-751 nm) and Stokes pulses (800 nm, FHWM:
13.4 nm, 795-808 nm), the excited modes including the
substituent-dependent mode vcx: (~1080 cm™ '), B¢y (in range
from 1000 cm ™" to 1290 em ™ ') and ¢y (in range from 880 cm™*
to 980 cm™ '), Intramolecular energy flow from parent modes to
daughter modes of C-C stretching in liquid aryl halides are
observed clearly in Fig. 5. Parent modes: vibrational modes
which are directly excited by the pump and Stokes pulses;
daughter modes: vibrational modes accepting the vibrational
energy through intramolecular vibrational energy redistribu-
tion. The white-coded lines represent the experimental Raman
spectra of aryl halides. The contour plots of Fig. 5(a)-(d) are the
time-resolved CARS spectra of F-Ph, Cl-Ph, Br-Ph and I-Ph,
respectively. Signals outside of excitation range emerge around
1580 cm ™" are indirectly excited through intramolecular energy
redistribution, and they correspond to the C-C stretching
vibrational modes. Even though the lower frequency modes
cannot be distinguished directly due to the low resolution in

(b) CI-Ph| §

Delay time/ps

Delay time/ps

500 1000 1500 2000 2500 3000 500 1000

Raman shift/cm

1500 2000 2500 3000

Raman shift/em™

Fig.5 Substituent-dependent mode reyx: (~1080 cm™?) are selectively
excited, the vibrational energy flow to the C-C stretching vibrational
modes vec (in range from 1320 cm ™t to 1590 cm™Y). Aryl halides: (a) F-
Ph, (b) Cl-Ph, (c) Br—Ph, and (d) I-Ph.

RSC Aadv., 2018, 8, 29775-29780 | 29777
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FT wavenumber/cm’'

FT wavenumber/cm'!

1200 1400 1600 1000 1200 1400
Raman shift/cm™ Raman shift/cm

Fig. 6 FT power spectra of the modes in range from 900 to
1600 cm™*. Aryl halides (a) F~Ph, (b) Cl-Ph, (c) Br—Ph, and (d) I-Ph.

frequency domain in ultrafast CARS spectra, they can be
extracted through Fourier transform of the time-domain CARS
spectra.

FT power spectra contain vibrational couplings information
of vibrational modes that range from 900 to 1300 cm™ " and C-C
stretching modes which are located outside of the directly
excitation region, as shown in Fig. 6. The peaks position in the
FT power spectra indicate the frequency difference between two
neighbouring modes and mark by Q; (i = 1-11), Fig. 6(a)
represent the FT power spectra of F-Ph, Cl-Ph, Br-Ph and I-Ph,
respectively. Detailed information of coherent couplings of vcx:
(~1080 cm ™), B¢y (in range from 1000 cm ™ t0 1290 cm ™), ycn
(in range from 730 cm™" to 980 cm ") and v (in range from
1320 cm ™ to 1590 cm™ ') are listed in ESI (Table 37).

According to the results of the time-domain CARS spectra and
its FT power spectra, the vibrational couplings of vcxt
(~1080 cm ™), B¢y (in range from 1000 cm™" to 1290 cm™*) and
Yeu (in range from 730 cm™' to 980 cm ') are confirmed,
meanwhile C-C stretching modes v (in range from 1320 cm ™"
to 1590 cm ') which are excited secondly by vibrational energy
redistribution are also identified.

Selective excitation of the substituent-dependent mode vcx:

Vibrational modes in the frequency range from 418 to 833 cm ™"

are selectively excited by a pair of pump (763 nm, FHWM: 12 nm,
757-769 nm) and Stokes pulses (800 nm, FHWM: 13 nm, 795-808
nm). The lower frequency substituent-dependent mode vy ~
700 cm™ ', ycy (in range from 730 em™ " to 833 em ™) and ¢¢c ~
600 cm™ ' are excited coherently, as shown in Fig. 7. The CARS
spectra of F-Ph, Cl-Ph, Br-Ph, and I-Ph are presented in
Fig. 7(a)-(d), respectively. The vibrational modes of B¢y (in range
from 1000 cm™* to 1290 cm™ ') and vcx: ~ 1080 cm™ ' appear in
the CARS spectra even though they are outside of the direct
excitation region. This means the vibrational energy can flow
from lower frequency modes to higher frequency ones.

FT power spectra is performed to identify the vibrational
modes involved in their coherent couplings in the direct exci-
tation region around 700 cm™ ', and in the second excitation
region from 900 cm™ ' to 1200 cm ™, as shown in Fig. 8. The
peaks of FT power spectra are marked by Q; (i = 1-10) and

29778 | RSC Adv., 2018, 8, 29775-29780
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500 1000 1500 2000 2501 500 1000 1500 2000

Raman shift/cm! Raman shift/em

Fig. 7 Vibrational modes of vcye ~ 700 cm™! is selectively excited,
intramolecular energy flow to neighbouring modes B¢y ~ 1150 cm™
and veyxe ~ 1080 cm™, Aryl halides: (a) F—Ph, (b) Cl-Ph, (c) Br—Ph, and
(d) 1-Ph.

1000 1100 1200 1300 800 900 1000 1100 1200 1300
Raman shift/em™!

800 900
Raman shift/cm!

Fig. 8 FT power spectra of dominant excitation modes centred
around 700 cm~* and 1080 cm™. Aryl halides: (a) F=Ph, (b) Cl-Ph, (c)
Br—Ph, and (d) I-Ph.

correspond to the vibrational couplings of substitution modes
vexe ~ 700 em ', Bey (in range from 1000 cm ™ to 1290 cm ™)
and vy ~ 1080 cm ™' of aryl halides, as described in Fig. 8(a)-
(d). Detailed assignments of coherent couplings of vgyx: ~
700 cm ™, ycy (in range from 730 cm ™! to 980 em ™) and $ec ~
600 cm ™" are listed in ESI (Table 47).

According to the analysis of the time-domain CARS spectra
and its FT power spectra of aryl halides, it can be found that
substitution modes vcx2 ~ 700 em™*, out-plane C-H defor-
mation modes ¢y (in range from 730 cm ™" to 980 cm ™ ') and
out-plane ring deformation modes ¢cc ~ 600 cm ™" are selec-
tively excited, neighbouring modes fBcu (in range from
1000 cm ™" to 1290 cm™ ') and vcx' ~ 1080 cm ™' outside of
excitation range are emerged via vibrational energy
redistribution.

Intramolecular energy redistribution processes of the liquid
aryl halides

The above findings have implications for ultrafast physico-
chemical behaviours of the aryl halides and the characteristics

This journal is © The Royal Society of Chemistry 2018
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Fig.9 The parent modes are selective excited, vibrational energy flow
to the daughter mode. The upper two plots displayed the excitation
modes of the phenyl (vcy and vcc); the lower ones displayed the
excitation modes of the substituent-dependent modes (vcx: and veye),
the purple arrows represented the direction of intramolecular energy
redistribution.

of intramolecular energy redistribution can be summarized as
follows:

(1) The directionality. Intramolecular energy flow from the
parent modes to daughter modes are described in Fig. 9.
Vibrational energy can flow from high frequency C-H stretching
vibrational modes (vcy ~ 3070 cm ™) to the combination bands
vewme ~ 2230 em ™ and veye ~ 2500 cm™ ' from C-C stretching
vibrational modes voc ~ 1580 cm ™! to the combination bands
vemt ~ 2230 em ™! and veye ~ 2500 em™Y; from substituent-
dependent mode vcxy: ~ 1080 cm ! to the C-C stretching
vibrational modes v (in range from 1320 cm™" to 1590 cm™');
from substituent-dependent modes vcy: ~ 700 cm ™' to the
substitution mode vcx1 ~ 1080 cm ™', The up-hill energy flow
from lower frequency modes to higher ones can be confirmed.

(2) Symmetry selection rule. Intramolecular energy redis-
tribution occurs only between the parent modes and the
daughter ones that have the same vibrational symmetry. For
example, while C-H stretching vibrational modes vcy ~
3070 cm ' are selectively excited, vibrational energy flows to
combination bands vcyy and veye (44 and By symmetry); while
C-C stretching vibrational modes vcc ~ 1580 em™* (4; or B;
symmetry) are selectively excited, vibrational energy flows to the
combination bands vy and veye2; while substituent-dependent
mode vcxr ~ 1100 cm ™" (4, symmetry) is selectively excited,
energy flows to vibrational modes of C-C stretching vibrational
modes (4; or B, symmetry); while substituent-dependent mode
vexz ~ 700 em™ ' (4; symmetry) is selectively excited, energy
flows to vcx (A; symmetry). A rule can be found that intra-
molecular energy redistribution processes is related to vibra-
tional symmetry. Specifically, the energy flow only occurs
among these relevant modes or bands with the same vibrational
symmetry.

(3) Mass-dependence of intramolecular energy redistribu-
tion efficiency. It is amazing that the vibrational energy transfer
between high frequency modes and lower ones is asymmetric,
as shown in Fig. 10. Energy redistribution/transfer efficiency is

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Scatterplot of vibrational energy redistribution efficiencies.

defined by the intensity ratio between daughter modes and
parent modes. The horizontal and vertical axes are corre-
sponding to relative molecular mass ratio (the ratio of the
halogen to the whole molecule) and the efficiency, respectively.

(1) While substituent-dependent modes (vcx: and v¢x2) are
selectively excited, vibrational energy flow from substituent-
dependent modes to phenyl modes (CH stretching and CC
stretching), the efficiencies locate on the upper of the 2D
scattering plot (red-coded symbol lines). While phenyl modes
(ven and vec) of the aryl halides are selectively excited, vibra-
tional energy flow from phenyl mode to substituent-dependent
modes (vcxt and vexe), the efficiencies locate on the lower of the
2D scattering plot (blue-coded symbol lines). It is found that
the efficiencies of vibrational energy transfer from substituent-
dependent modes to phenyl modes are bigger than that of the
inverse.

(2) Efficiency can be controlled by varying the mass ratio of
the halide in the aryl halide molecules. On one hand, while the
substituent-dependent modes (vcx' and vcx2) are selectively
excited, efficiencies of vibrational energy redistribution are
increased with increasing relative molecular mass ratio (k;_pp >
ker-pn > kcipn > kp_pn). On the other hand, while the phenyl
modes (vcy and vec) of the aryl halides are selectively excited,
efficiencies of vibrational energy redistribution are decreased
with the increasing relative molecular mass ratio (ki_pp < kpr—pn
< kci-ph < kp-pn)-

The mass of phenyl is smaller than halides, the anharmonic
couplings among these relevant modes are different and the
efficiencies of vibrational energy redistribution are likely to be
affected. While the heavier substitution-dependent modes are
selectively excited, vibrational energy flow to lighter phenyl
modes with larger amplitude oscillations, anharmonic
coupling is more likely to happen and the efficiencies show
a monotonic increase tendency with increasing mass of
substituent of aryl halides. While the lighter phenyl modes are
selectively excited, vibrational energy flow to substitution-
dependent modes with the smaller amplitude oscillations,
the anharmonic coupling is less likely to happen and the
efficiencies show a monotonic decrease tendency with
increasing mass of substituents.

RSC Adv., 2018, 8, 29775-29780 | 29779
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Conclusions

Time-resolved CARS technique is performed to selectively excite
parent modes and detect the daughter modes of aryl halides.
With the help of Fourier analysis, vibrational modes that
involved in the ultrafast coherent coupling are determined.
Moreover, it is found that intramolecular energy flow is coun-
terintuitive, especially the efficiencies of up-hill vibrational
energy redistribution from lower frequency modes to higher
ones are always larger than that of the opposite direction.
Vibrational excitation on phenyl modes (vci and vgg), intra-
molecular energy redistribution efficiencies decrease with the
increasing halide mass; on the contrary, vibrational excitation
on the substituent-dependent modes (vcx: and vexe), efficiencies
increase with the increasing halide mass. It is noting that halide
mass can control intramolecular energy redistribution effi-
ciencies, and these results provide implications of substituent
mass effects on photochemical reactions.
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