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Ab Initio Investigation of XCH ,CH» and XCHCH 3 Radicals (X = F, Cl, Br)
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We have done ab initio calculations to find the equilibrium geometries, rotational/inversion barriers, and
harmonic vibrational frequencies of several haloethyl radicals (@ and XCHCH where X= F, ClI,

Br). One equilibrium and two transition conformations for X§HH, (X = CI, Br) and XCHCH (X = F, Cl,

Br) were found on the calculated B3LYP/6-3t+G(3df,3pd) potential energy surface. We discuss the effects

of the halo substituents on the haloethyl radicals investigated. F¢lidnds of the equilibriunf-haloethyl
radicals weaken due to hyperconjugative interaction enhancement as X goes from F to Br. The rotational
barriers about the €C bond have been located using analytical methods. We have also made preliminary
vibrational assignments of two bromoethyl radical conformers to experimental transient resonance Raman
spectra obtained from the A-band photodissociation of 1-bromo-2-iodoethane.

Introduction atoms?” We have recently observed a transient resonance Raman

. . ) spectrum of photoproducts produced from the A-band photo-
Halo-substituted methyl and ethyl radicals are important gisgociation of 1-bromo-2-iodoethane in cyclohexane soldon.

reaction intermediates in a range of thermochemical and rps transient resonance Raman spectrum is probably due to

photochemical processés:" Experimental investigations of the o moethyl radicals formed from the primary photodissociation

structures and spectroscopic properties of haloethyl and halo-4¢ 1_yromo-2-iodoethan®.

methyl radicals are relatively sparg?e?S Electron spin reso- In this paper we present an ab initio investigation of the

nance (ESR) spectroscdgy*and microwave spectroscopy® structures, vibrational frequencies, and conformational stabilities

studies have been used to elucidate the conformational structure%f several halogenated ethyl radicafé:haloethyl (XCHCH
of CH,CH.F, GFs, CH,CI, and CHF radicals by analysis of and a-haloethy? (XCHCH) )\/Nhere X&:' F, CI,yBE. We haz\ze

the hyperfine splitting constants and the h.yperfin(_a coupling carried out these calculations up to the B3LYP/6-8315(3df,-
constants. Flash photolysis or pulse radiolysis transient absorp-gpd) level of theory. We compare these results to the corre-

t'?n spelctrosbcopy investigations fha\éel bgi'ré:(ljorg;oBmeasgre th&ponding previously investigated fluorinated and/or chlorinated
ultraviolet absorption spectra of GHl, 2, LIRBI, an ethyl radicals. We also compare our ab initio results to the

16—-18 i i i i i
CHl. . PU|S? rad|qu§|s or flash photply3|s experiments in experimental transient resonance Raman spectra associated with
Ar matrix combined with infrared absorption Spectroscopy have yhe a_pand photodissociation reaction of 1-bromo-2-iodoethane

gelgnlgl—fsedv\;ﬁ] acor|]U|re the _V|brat|?nal ipe_ctrla prLE:HEd and make preliminary vibrational assignments to two conformers
oFs. ile the experimental work is limited, these ¢ bromoethyl radicals.

investigations of haloalkyl radicals directly probe their structures

and spectroscopic properties. In addition to the experimental Calculations

studies, there have been a number of theoretical investigations

using ab initio calculations to examine haloalkyl radicals §EH All calculations were done using th@aussian 98rogram
CoH4Cl, CHAF, GH3F,, CoHaFs, CoHF., CoFs, CH.CI, and suite3® Complete geometry optimizations were performed
CH,Br)826-33 and halocarbenes (GFCClk, and CBpg).3* In analytically at UMP2/6-311G(d,p), B3LYP/6-311G(d,p), and
particular, the equilibrium geometries, rotational and inversion B3LYP/6-311+G(3df,3pd) levels of theory. At the optimized
barriers, and harmonic vibrational spectra have been calculatedgeometry for each radical conformer, the harmonic vibrational
for eleven fluorinated ethyl and three chlorinated ethyl radicals frequencies were determined by using analytical second deriva-
using ab initio method2-32 These calculations mainly used tives at all stationary points or transition structures. The
UHF/6-31G* level of theory with some MP2 or MP4/6-31G* transition states for 1,2-hydrogen migration betweerptfieo-

level of calculations applied to evaluate the geometry or energiesroethyl radical and thex-haloethyl radical were determined
of some of the radicals. However, there are few reports of using the STQN methods at B3LYP/6-311G(d,p) level of
systematic ab initio calculations or experimental structural/ theory3°

spectroscopic studies on the bromine and/or iodine substituted We have also done ab initio computations to estimate the
ethyl radicals®>36 An ab initio study has been reported for electronic transition energies as well as the sign and magnitude
BrCH,CH; using a multireference double excitation configu- of the normal mode displacements associated with the excited
ration interaction (MRD-CI) methodology, and this investigation states of several of the bromoethyl radicals. The relative normal
focused on examining the potential energy surface for a possiblemode displacement; using the short-time approximation can
bridging or shuttling motion of the Br between the two carbon be given by
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TABLE 1: Structural Parameters for the Three Conformations (1a, 1b, and 1c) of the XCHCH, Radical (X = F, ClI, Br)

Found from B3LYP/6-311++G(3df,3pd) Calculations

X=F X=ClI X=Br

parameters la 1b 1c la 1b 1c la 1b 1c
R(C,—C») 1.476 1.474 1.475 1.455 1.476 1.460 1.426 1.474 1.434
R(X5—Cy) 1.420 1.393 1.412 1.878 1.805 1.861 2.122 1.973 2.102
R(Hs—Cy) 1.090 1.098 1.089 1.084 1.092 1.084 1.082 1.091 1.081
R(Hs—Cy) 1.090 1.098 1.094 1.084 1.092 1.087 1.082 1.091 1.083
R(Hs—Cy) 1.080 1.080 1.079 1.080 1.081 1.079 1.080 1.077 1.080
R(H;—Cy) 1.080 1.078 1.080 1.080 1.078 1.080 1.080 1.082 1.080
A(C1—CxX3) 110.1 111.0 110.7 110.0 112.8 110.6 108.1 112.9 108.2
A(C1—Cy—Hy) 112.3 112.0 112.3 113.9 112.2 113.4 116.2 112.8 113.6
A(X3—Co—Hy) 106.1 107.1 107.1 103.5 106.0 104.2 100.2 105.0 100.2
A(C1—Cy—Hs) 112.3 112.0 111.8 113.9 112.2 113.9 116.2 112.8 116.7
A(X3—Co—Hs) 106.1 107.1 105.7 103.5 106.0 103.1 100.2 105.0 99.46
A(H4—C,—Hbs) 109.6 107.1 108.8 110.9 107.2 110.7 112.9 107.7 113.6
A(C2—C;—Hp) 120.6 120.2 1215 120.4 121.7 121.0 120.6 122.2 121.0
A(C,—Ci1—Hy) 120.6 119.8 119.7 120.4 118.7 120.2 120.6 118.4 120.6
A(He—Cy1—Hy) 118.3 120.0 118.8 118.3 119.6 118.8 118.0 119.3 118.4
D(Hs—C1—Cx-X3) 85.55 0.0 —119.7 84.40 0.0 —116.6 85.11 0.0 —111.4
D(He—C:—C,—H4) —156.5 —119.8 0.0 —159.9 —119.6 0.0 —163.2 —118.8 0.0
D(He—C1—Cy—Hs) —32.41 119.8 122.7 —31.31 119.6 127.8 —26.60 118.8 137.5
D(H7—C1—Cx-X3) —85.55 180.0 60.27 —84.40 180.0 63.36 —85.11 180.0 68.63
D(H7;—C1—Cy—H,) 3241 60.24 180.0 31.31 60.39 180.0 26.60 61.17 180.0
D(H7—C1—C,—Hs) 156.5 —60.24 —57.27 159.9 —60.39 —52.18 163.2 —61.17 —42.48
yl 8.7 0.0 0.0 11.2 0.0 0.0 9.8 0.0 0.0
y2 54.5 56.7 55.3 51.4 55.8 50.5 42.0 54.8 41.7

aR = bond length (&), A= bond angle (deg), B= dihedral angle (deg)y. is the out-of plane angle by the radical site group,is the

out-of-plane angle by CHgroup attatched by X atom.

where 0V/9Q;)o is the derivative of the excited electronic state
potential energy surface with respecitio normal mode at the
ground state geometry. UCIS/6-311G(d,p)//B3LYP/6-311G(d,p),
UCIS/6-311+G(3df,3pd)//B3LYP/6-31%++G(3df,3pd), RPA/
6-311G(d,p)//B3LYP/6-311G(d,p), and RPA/6-31-+G(3df,-
3pd)//B3LYP/6-313#-+G(3df,3pd}° computations were done

to estimate the electronic transition energies. The ground state

optimized geometry for the conformation of the bromoethyl
radical of interest was found using B3LYP/6-311G(d,p) or
6-311++G(3df,3pd) density functional theory calculations. The

normal mode vibrational frequency computations were then done

at the ground state optimized geometry for each bromoethyl
conformation. The gradient of the potential energy surface of

the excited electronic state was obtained using either the CIS

or the TD (RPA) calculations, and\{/0Q;)o can be calculated
from projection of the potential energy surface of the excited
electronic state at the ground state geometry ontdtthground
state vibrational normal mode. In eq 1, the sign of the normal
mode displacement is determined BW(Q;)o. We used the
normal mode displacements found from our ab initio calculations
to estimate the relative resonance Raman intensity associate
with the electronic transitions of several conformations of the
bromoethyl radical usingg = w;?A;2.

Results and Discussion

p-Haloethyl, XCH,CH5 (1). The conformations of the XCj
CH, (X = Br, ClI, and F) radical have been studied using UMP2/
6-311G(d,p) and B3LYP/6-3H+G (3df,3pd). Figure 1 shows
a simple diagram of three conformers (1a, 1b, and 1c) with their

X3
Hg
. Hy \
Y C
----H-6-5§C1 CZBHS / 24>H5
H, H,
la 1b
X3
H;
K
Hy He
1c

Figure 1. Diagrams of the ground-state XGEH, radicals: equilib-
rium geometry, la; transition state geometries, 1b and 1c.

qhe singly occupied molecular orbital (SOMO). However, the

FCH,CH, radical has two equilibrium structures and two
transition conformations, with the more stable equilibrium
structure having the €H bond eclipsed with the SOMO. The
BrCH,CHj; radical has one equilibrium conformation, 1a, and
two transition conformations, 1b and 1c, on the B3LYP/6-
311++G(3df,3pd) potential energy surface. Table 1 shows that
the C-X and C-C bond lengths, and the CCX bond angle
changes between la and 1b conformations of BfCH} are

atoms numbered 1 through 7, and Table 1 lists their geometric larger than the corresponding changes in the conformations of

parameters computed from the B3LYP/6-31#tG (3df,3pd)

level of theory. The difference in the orientation of the
pB-fluoroethyl ands-chlorooethyl radicals was discussed in ref
28. On the calculated UHF/6-31G* potential energy surfice,
the CICH.CH; radical has one equilibrium conformation, 1a,
and one transition conformation, 1b, with the equilibrium la
radical having the orientation of the<CI bond eclipsed with

the CICH.CH; radical. This suggests that the hyperconjugative
interaction tends to increase in strength as the halogen atom
changes from F to Br for thg-haloethyl radicals.

The p-haloethyl 1la radical has a nonplanar radical center.
The out-of-plane angleg; andy, decrease as X goes from F
to Br (Table 1). The decrease in thgvalues suggests that the
sp? hybrid orbital of the3-carbon in the8-bromoethyl 1a radical
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BI'CHQCHZ la ClCHzCHz la FCHzCHz la

Figure 2. Theoc-x orbital space plots of the equilibrium conformation 1a of the XCH, (X = F, ClI, or Br) radicals using a space contour value
of 0.05.

TABLE 2: Calculated Energies (hartrees) of the XCH.CH, (X = F, ClI, Br) Radicals

level of theory la 1b 1c AE(1b—1a) AE(1c—1a)
BrCH,CH,
energy (hartrees) rotational barrier (kcal/mol)
UMP2/6-311G(d,p) —2650.80805 —2650.80302 —2650.80636 3.16 (2.2) 1.06 (0.5)
B3LYP/6-31H-+G (3df,3pd) —2652.74480 —2652.73628 —2652.74263 5.34 (4.4) 1.36 (1.1)
ZPVE® (kcal/mol)
UMP2/6-311G(d,p) 33.2 32.2 32.7
B3LYP/6-314+G (3df,3pd) 32.4 31.4 32.1
CICH,CH,
energy (hartrees) rotational barrier (kcal/mol)
UMP2/6-311G(d,p) —537.95712 —537.95404 —537.95602 1.93(1.1) 0.69
B3LYP/6-311+G (3df,3pd) —538.82058 —538.81625 —538.81928 2.72(1.9) 0.82 (0.5)
ZPVE®# (kcal/mol)
UMP2/6-311G(d,p)
B3LYP/6-314+G (3df,3pd) 32.6 31.8 32.3
FCH,CH,
energy (hartrees) rotational barrier (kcal/mol)
UMP2/6-311G(d,p) —177.96811 —177.96804 —177.96796 —0.05 (-0.7) —0.10
B3LYP/6-314+G (3df,3pd) —178.46005 —178.46013 —178.46017 —0.05 (~0.6) —0.07 -0.2)
ZPVE? (kcal/mol)

UMP2/6-311G(d,p)
B3LYP/6-311+G (3df,3pd) 33.2 326 33.0

aZero point vibrational energy. Data in parentheses are the values including th(ERVE) x 0.9 for UHF, 0.96 for UMP2, and 1.0 for
B3LYP with the torsional frequency excluded.

contains more p-orbital component and less s-orbital componentstructure found in a variety of transient molecular systéms.
than the corresponding haloethyl radicals with F or Cl replacing Similarly, the SOMO plots using a space contour value of 0.05
Br. The decrease in thg; angle values reflects the p-orbital also show greater perturbation of the SOMO orbitalQ) as
character of the SOMO of the-carbon atom increase as X X changes from F to Br. These space plots appear to indicate
goes from F to Br. When the $jybrid orbital of 3-carbon that the perturbed SOMO orbital and the perturbeticspital
atom becomes more perturbed and the p-orbital character ofmake the G-C bonding more efficient to give rise to a shorter
the SOMO of thex-carbon atom increases, the attractive overlap C—C bond length and decrease in the values ofythandy,

of the two orbitals fronu-carbon angB-carbon atoms increases  angles.

and leads to shorter-€C bond lengths. This is especially true Table 2 lists the numerical values of the total energies and
for the BrCHCH, 1la radical where theéc_c bond length rotational barriers corresponding to the conformations 1a, 1b,

shortens further and the, angle becomes smaller. and 1c for X= Br, Cl, and F. The effect of electron correlation
Figure 2 displays thec—x bonding orbital plots using a space on the relative energies was previously evaluated for various
contour value of 0.05. Figure 2 clearly indicates thatdgex chloroethyl radicals. Previous stucigéshowed that the electron

bonding orbital becomes more diffusive as X goes from F to correlation did not affect the rotational barrier significantly when
Br. The oc—gr bonding orbital in BrCHCH, 1a radical is so the calculation level of theory increased from MP2 to MP4 and
diffusive that it even flows into thex-carbon region or the  the geometries optimized at UHF/6-31G* were well described.
radical site. This suggests that the perturbetiaspital of the However, a greater discrepancy was noticed between the
B-carbon interacts not only with the Br atom but also with the calculated rotational barrier and the experimental Srighe
o-carbon atom. This behavior is very similar to the hypercarbon hindered rotational energy estimated from experimental ESR
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TABLE 3: Structural Parameters for the Three Conformations (2a, 2b, and 2¢) of the XCHCH; (X = F, Cl, Br) Radicals (refer
to Figure 5) Found from the B3LYP/6-311++G(3df,3pd) Calculations

2a 2b 2c

parameters X=F X=Cl X=Br X=F X=ClI X=Br X=F X=ClI X=Br
R(C—Cy) 1.475 1.479 1.479 1.475 1.481 1.481 1.470 1.478 1.478
R(X3—Cy) 1.352 1.717 1.881 1.350 1.714 1.875 1.349 1.715 1.878
R(Hs—Cy) 1.082 1.078 1.078 1.078 1.078 1.078 1.077 1.077 1.077
R(Hs—Cy) 1.099 1.097 1.098 1.090 1.088 1.088 1.089 1.090 1.090
R(Hs—Cy) 1.089 1.090 1.091 1.095 1.096 1.096 1.096 1.095 1.095
R(H;—Cy) 1.092 1.092 1.092 1.095 1.096 1.096 1.096 1.095 1.095
A(C2—Ci-X3) 115.7 119.6 119.8 117.8 121.3 121.8 117.1 119.9 120.3
A(C2—C1—Hy) 124.7 124.1 123.8 128.3 124.0 124.0 128.7 125.1 125.3
A(X3—C1—Ha) 112.6 114.5 113.7 113.9 114.7 114.1 114.2 115.0 114.4
A(C1—Cy—Hs) 112.1 1121 112.2 109.6 111.3 111.8 109.7 110.0 109.8
A(He—Co—Hs) 107.9 107.8 107.6 107.9 108.0 107.9 108.1 108.1 108.1
A(H7—Cy—Hs) 107.2 106.9 107.0 107.9 108.0 107.9 108.1 108.1 108.1
A(C1—Cy—Hp) 109.8 109.9 109.7 112.1 111.3 1111 112.0 111.9 112.0
A(C,—Cy—Hy) 111.2 111.6 111.7 112.1 111.3 1111 112.0 111.9 112.0
A(He—Co—Hy) 108.5 108.5 108.5 106.9 106.7 106.7 106.9 106.7 106.7
D(Hs—Co—C1-X3) 64.21 67.04 69.75 0.0 0.0 0.0 180.0 180.0 180.0
D(Hs—C,—Ci1—Hy) —84.15 —96.58 —90.38 180.0 180.0 180.0 0.0 0.0 0.0
D(Hs—C,—Cs1-X3) —175.9 —-173.1 -170.7 119.9 120.5 120.6 —59.99 —59.84 —59.92
D(He—C,—Ci1—Ha) 35.75 23.24 29.16 —60.10 —59.46 —59.35 120.0 120.2 120.1
D(H7;—C,—Cs-X3) —55.78 —52.80 —50.35 —119.9 —120.5 —120.6 59.99 59.84 59.92
D(H7—C,—Ci1—Hy) 155.9 143.6 149.5 60.10 59.46 59.35 —120.0 —120.2 —-120.1
Y1 30.8 15.6 18.8 0.0 0.0 0.0 0.0 0.0 0.0
Y2 58.3 57.8 57.7 56.7 58.3 58.7 57.1 57.3 57.1

aR = bond length (&), A= bond angle (deg), B= dihedral angle (deg)y. is the out-of plane angle by the radical site group,is the

out-of-plane angle by-CH, group.

experiments for CICKCH, was about 45 kcal/mol, while the
calculated one was2 kcal/mol at HF or MP2/6-311G(d,p) level
of calculations’® However, our calculated rotational barrier was
~3 kcal/mol for B3LYP density functional theory calculations.
This is closer to the experimental value~®& kcal/mol) than
the HF or MP2 computations, although there is still about 1
kcal/mol difference. The rotational barriers for F&IH, are
very similar to each other for the three levels of theory (B3LYP,
HF, and MP2 with 6-311G(d,p) basis sets) explored. However,
the rotational barriers for the B3LYP/6-31#G(3df,3pd)
results for XCHCH, (X = ClI, Br) are significantly larger than
those for the HF or MP2/6-311G(d,p) calculations. The rota-
tional barriers (1b-1a) for BrCHCH,, CICH,CH,, and FCH-
CH; are 2.22, 1.08, and-0.76 kcal/mol, respectively, at the
UMP2/6-311G(d,p) level of theory after ZPVE correction, while
those at B3LYP/6-311G(d,p) level are 4.76, 2.42, ar77
kcal/mol, respectively. These calculations indicate that the
rotational barriers for the XCHCH, series go from almost free
rotation in fluorinated ethyl to a significant hindered rotation
in brominated ethyl radicals. The large difference in the

rotational barriers can be mostly attributed to the increases in

C—C bond order and in the steric repulsion between theXC
bond and the €H bond as X goes from F to Br. For a given
basis set, the B3LYP density function theory calculations show
a larger decrease in the radical energy, theQCbond length,
and the CCBr bond angle and a greater increase in thBrC

X3
H;
H
X °
Y OE™
Hyo) ;! .
..... oy G, N
Hg
H6 H4
2a 2b
H4\ H;
Cl G H7
Hg
X3
2¢

Figure 3. Diagrams of the ground-state XCH@kadicals: equilibrium
geometry, 2a; transition state geometries 2b and 2c.

parameters for the conformations of the XCH{ddicals and
Table 4 lists the total energies and rotational barriers.

The out-of-plane angle; for XCHCH3 2a (X = F, ClI, or
Br) was 30.8, 15.6°, and 18.8 for the B3LYP/6-31#+G-
(3df,3pd) computations (see Table 3), while the corresponding

the coupling of the SOMO with the*c_x orbital and the
electron correlation in the3-haloethyl radicals are better
described by the B3LYP calculations than the MP2 calculations.
Therefore, the rotational barriers from the B3LYP calculations
will be larger and in better agreement with the experimental
values than the results from the MP2 calculations.
a-Haloethyl, XCHCH 3 (2). The BrCHCH; radical exists in
one equilibrium conformation, 2a, and two transition structures,
2b and 2c, at all the levels of theory we examined, and their

nearly unchanged which suggests that the effect of X on
XCHCHjz radicals is mainly localized on the radical site. The
change on the; values for the XCHCHlradicals comes from
the competition betweenainductive effect? and az-conjuga-
tive interactior?! The o-inductive effect is the interaction of
the lowest unoccupied-MO with the highest occupied-MO
(SOMO). Them-conjugative interaction is the interaction of a
lone pair p orbital of the electronegative atom with the SOMO.
The higher electronegativity of the halogen atom favors the

structures are shown in Figure 3. Table 3 gives the structural o-inductive effect and makes the-haloethyl radicals tend
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TABLE 4: Calculated Energies (hartrees) of the XCHCH; (X = F, Cl, Br) Radicals

Zheng and Phillips

level of theory 2a 2b 2c AE(2b—2a) AE(2c—2a)
BrCHCH;
energy (hartrees) rotational barrier (kcal/mol)
UMP2/6-311G(d,p) —2650.81081 —2650.80875 —2650.81016 1.29 (0.7) 0.410.2)
B3LYP/6-311+G (3df,3pd) —2652.74485 —2652.74361 —2652.74471 0.77 (0.5) 0.08-0.3)
ZPVE* (kcal/mol)
UMP2/6-311G(d,p) 33.2 32.6 32.6
B3LYP/6-311++G (3df,3pd) 32.1 31.8 317
CICHCH;
energy (hartrees) rotational barrier (kcal/mol)
UMP2/6-311G(d,p) —537.96275 —537.96059 —537.96217 1.36 (0.7) 0.370.2)
B3LYP/6-311+G (3df,3pd) —538.82671 —538.82536 —538.82665 0.85 (0.6) 0.04-0.3)
ZPVE? (kcal/mol)
UMP2/6-311G(d,p) 334 32.8 32.8
B3LYP/6-311+G (3df,3pd) 324 32.1 32.0
FCHCH;
energy (hartrees) rotational barrier (kcal/mol)
UMP2/6-311G(d,p) —177.97590 —177.97170 —177.97348 2.63(1.5) 1.52 (0.6)
B3LYP/6-311++G (3df,3pd) —178.46774 —178.46503 —178.46697 1.70 (0.8) 0.48-0.2)
ZPVE? (kcal/mol)
UMP2/6-311G(d,p) 34.4 33.2 33.5
B3LYP/6-311+G (3df,3pd) 334 325 32.7

aZero point vibrational energy. Data in parentheses are the values including th&(ZRWVE) x 0.90 for UHF, 0.96 for UMP2, and 1.0 for
B3LYP with the torsional frequency excluded.

toward a pyramidal structure, while the lower electronegativity = The dependence of the level of theory on the predicted
of the halogen atom favors-conjugative interaction and makes harmonic vibrational frequencies of radical species (as well as
the radical center tend toward a planar structure. Therefore, thethe infrared and Raman intensities) has been extensively
degree of nonplanarity increases as the atomic number ofinvestigated’43-4” These studies found that the inclusion of
halogen substitution increases (from F to Br). Our results electron correlation effects through second-order MelRlesset
generally follow the above theoretical prediction although the perturbation theory or density function theory are more efficient
magnitude appears noticeably affected by the level of theory. in improving the accuracy of the computed spectrum than are
The higher level B3LYP/6-31t+G(3df,3pd) calculations give ~ HF calculations. We have used UMP2/6-311G(d,p), B3LYP/
lower y1 values than the lower level UMP2/6-311G(d,p) 6-311G(d,p), and B3LYP/6-311+G(3df,3pd) levels of theory
calculations. to evaluate the vibrational spectra of bromoethyl radicals. Table

The two rotational/inversion transition geometries (2b and 5 lists the normal-mode frequencies f@+haloethyl radicals
2c) have planar structures withs symmetry. For BrCHCH| computed using the B3LYP/6-331-G(3df,3pd) level of theory.
the rotational barriers for 2b2a are 0.691 kcal/mol at UMP2/  The B3LYP density function theory calculations give lower
6-311G(d,p) and 0.48 kcal/mol at B3LYP/6-3%+G(3df,3pd), C—Br stretch and higher €C stretch frequencies for the
while the rotational barriers for 2€2a are—0.17 kcal/mol and ~ f-bromoethyl 1a radical than do the corresponding UMP2
—0.30 kcal/mol at UMP2/6-311G(d,p) and B3LYP/6-311G- calculations. Since the B3LYP calculation results in the strongest
(3df,3pd), respectively. These results are similar to previous 0*c-x hyperconjugative interaction with the radical site SOMO
calculations for FCHCHland CICHCH explored with UHF or ~ and the lowest total energy among the UHF, UMP2, and B3LYP
UMP2/6-311G** levels of theory8 Examination of the energy ~ calculations, we expect that B3LYP density function theory
difference of the la conformation of XGBH, and the 2a calculation would compute reasonable vibrational frequencies
conformation of XCHCH shows that 2a is more stable than 1a for the f-bromoethyl radicals. The computed vibrational fre-
by 4.82 kcal/mol for X= F, 3.84 kcal/mol for X= Cl, and quencies for the B3LYP/6-311G(d,p) and B3LYP/6-311G-
0.03 kcal/mol for X= Br for the B3LYP/6-311#+G(3df,3pd) (3df,3pd) calculations are very similar to one another, and this
level of computation. suggests that the B3LYP/6-311G(d,p) level of theory may also
predict reasonable infrared and Raman intensities for the
p-haloethyl radicals. Since the bromoethyl 1c radical also has
theo* c—x hyperconjugative interaction with radical site SOMO,

There are few reports of experimental infrared or Raman which is similar to the bromoethyl 1a radical, we would expect
spectra for bromoethyl radicals. We have recently observed athat the 1c radical has a similar dependence on the level of
transient resonance Raman spectrum of photoproducts generatetheory for the computed €C stretch and €Br stretch
from the A-band photodissociation reaction of 1-bromo-2- frequencies. The computed frequencies for the bromoethyl 1b
iodoethane? This transient resonance Raman spectrum may be radical do not depend very much on the level of theory used
due to bromoethyl radicals. To help assess this spectrum andsince theo*c_x hyperconjugative interaction with the radical
provide needed background information for other experimental site SOMO has a lesser role in the transition conformation 1b
studies on these haloethyl radicals, we have calculated thethan in the equilibrium conformation 1a.
harmonic vibrational frequencies. The computed harmonic All of the bromoethyl radicals have 15 vibrational normal
vibrational frequencies using B3LYP/6-3t#G(3df,3pd) com- modes. Species witls symmetry will separate the 15 modes
putations as well as infrared intensities and Raman intensitiesinto 9 modes with Asymmetry and 6 modes with"Asymmetry.
using B3LYP/6-311G(d,p) calculations are listed in Tables 5 Since the motion associated with each vibrational modes for
and 6 for the BrCHCH, and BrCHCH radicals. the bromoethyl radicals found in our calculations at the B3LYP/

Calculated Vibrational Harmonic Frequencies
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TABLE 5: Vibrational Frequencies (cm~?1) of the XCH,CH, (X = F, Cl, Br) Radicals (refer to Figure 1) from the B3LYP/
6-311++G(3df,3pd) Computation

la 1b 1c

sym descriptiof X=F X=ClI X=Brb X=F X=CI X=BrP sym X=F X=CI X=Br?

A v1  CHzsym str 3148 3152 3153 (118/2.0) 3163 3154 3148 (177/8.7TA 3153 3155 3155 (129/1.6)
vy *CHzsym str 3052 3104 3132 (91/4.9) 2970 3018 3033 (137/14) 3012 3078 3119 (91/4.8)
vg  *CH,def 1512 1504 1513 (9.1/0.1) 1478 1458 1454 (12/2.8) 1500 1490 1501 (9.3/0.6)
vs  CH,def 1470 1467 1468(6.3/8.1) 1440 1445 1444 (7.5/3.6) 1463 1459 1461 (7.3/8.0)
vs  *CHzwag 1374 1238 1165 (3.5/4.6) 1397 1310 1264 (7.3/47) 1383 1213 1149 (3.6/2.9)
v C—Cstr 1078 1095 1089 (14/12) 1097 1097 1097 (1.6/0.8) 1066 1099 1108 (15/18)
v;  CH,wag 917 689  750(1.8/68) 1091 984 968 (5.3/7.3) 949 633 692 (1.0/55)
vg C—Xstr 650 504 304 (30/17) 868 657 553 (17/17) 596 539 406 (29/20)
v9  CCXbend 389 300 232 (29/31) 432 352 303 (4.0/1.0) 400 316 251 (8.2/11)

A" vy CHzasym str 3257 3260 3259 (47/4.4) 3278 3273 3269 (59/1.0) 3263 3265 3263 (55/3.5)
v11 *CHzasym str 3101 3167 3206 (72/0.2) 2987 3046 3066 (78/5.2) 3088 3157 3201 (67/0.6)
viz  *CHJ/CHtwist 1274 1255 1244 (1.9/0.1) 1226 1144 1106 (6.8/1.2) 1263 1271 1233 (2.3/2.3)
113 CHo/*CHotwist 1174 1055 994 (2.8/1.4) 950 869 826 (1.3/0.5) 1159 1036 980 (5.5/3.6)
via  CHo*CH;rock 804 789 787 (0.2/2.8) 430 442 448 (2.8/58) 803 794 782 (1.0/4.0)
vs  torsion 86i 234  338(4.6/0.2) 133 2061  249i (2.4/3.9) 65i 74 131(34/17)

@ *CH, denotes the halogen atom X is attached to this group. Here; stretch; asym= asymmetric; sym= symmetric; def= deformation.
b Data in parentheses are the Raman and infrared intensities for the;Gkzlradicals.

TABLE 6: Vibrational Frequencies (cm~1) of the XCHCH3 (X = F, ClI, Br) Radicals (refer to Figure 4) from the B3LYP/
6-311++G(3df,3pd) Computations

2a 2b 2c
sym descriptioh X=F X=ClI X=Br> X=F X=ClI X=Br> X=F X=ClI X=Br>

A v1  *CH str 3185 3223 3222 (98/5.2) 3234 3223 3226 (94/5.3) 3241 3234 3239 (96/3.0)
2 CHjs str 3105 3095 3089 (105/13) 3104 3113 3113 (58/7.2) 3105 3097 3089 (121/14)
v  CHsstr 3046 3040 3045 (117/16) 3012 3016 3014 (129/23) 3003 3020 3022 (90/20)
vs  CHsstr 2961 2972 2970 (182/23) 2984 2986 2983 (238/26) 2975 2987 2989 (186/20)
vs  CHsdef 1481 1481  1478(12/2.8) 1486 1480 1476 (12/6.4) 1484 1483 1480 (11/2.5)
Ve CHjs def 1458 1462 1459 (13/10) 1458 1465 1465 (13/7.5) 1454 1459 1457 (13/9.5)
v;  CHsdef 1417 1411 1408 (15/4.6) 1419 1409 1407 (15/3.7) 1423 1412 1408 (15/4.2)
vg  CHX scis 1358 1296 1268 (2.9/59) 1368 1311 1283 (2.0/65) 1358 1292 1261 (3.5/60)
ve  CHpwag 1181 1113 1107 (1.8/2.6) 1189 1106 1101 (3.6/1.2) 1191 1115 1108 (1.5/2.1)
vio  CHzrock 1130 1040 1014 (4.1/14) 1103 1035 1009 (3.0/13) 1135 1045 1020 (3.2/12)
v, C—Cstr 1014 1000 999 (1.9/0.6) 984 984 976 (1.0/0.7) 996 998 996 (0.6/0.6)
vz  C—Xstr 911 726 623 (6.6/20) 915 723 623 (6.2/16) 913 730 626 (6.7/20)
vis  CCXbend 408 360  342(6.5/32) 447 364 314 (2.9/0.9) 426 349 300 (3.2/0.9)
vis  CHXrock 521 287 286 (1.4/7.2) 329i 247 244 (2.1/35) 173 191 176 (0.4/9.2)
vis  Torsion 186 137 141 (0.9/0.6) 140i 158i 157i (0.3/4.2) 370i 145i 172i (0.6/34)

a *CH, denotes the halogen atom X is attached to this group. Heres stretch, asynm= asymmetric; sym= symmetric; def= deformation.
b Data in parentheses are the Raman and infrared intensities for the;Gkzlradicals.

6-311++G(3df,3pd) level of theory is similar to the corre- located in the 280~ 300 nm region and the third absorption
sponding chloroethyl radicals, the vibrational assignments of band is in the 255 nm region. The first absorption band of the
the normal modes are similar to those given in ref 28. Inspection 5-bromoethyl 1b radical and threse-bromoethyl radicals are
of the MOLDEN animated normal modes for both the equilib- in the 200 nm to 260 nm region.

rium structures and the transition structures were also used in - gromoethyl radicals were suggested to contribute to the

determining the vibrational assignmefts. resonance Raman spectra of 1-bromo-2-iodoethane in cyclo-
hexane solutioR® We will focus on the transient resonance
Raman spectra in the 280 nm to 300 nm region since these

Our calculations of the A-band electronic absorption for SPectra are likely to have fewer species contributing to their
XCH, and two types of bromoethyl radicals are motivated by SPectra. The transient 282.4 and 299_.1 nm resonance Raman
our recent experimental transient resonance Raman spectrun$Pectra of suspected bromoethyl radicals (obtained from the
of photoproducts obtained from the A-band photodissociation Power dependent resonance Raman experiments mentioned in
of 1-bromo-2-iodoethan®. Table 7 presents the calculated ref 36) are shown in Figure 4. There are about eight bands (141,
electronic absorption bands for halomethyl and bromoethyl 172, 192, 248, 275, 336, 407, and 500 ¢jrobserved in the
radicals. The calculated absorption bands for Gl@rtd BrCH spectra. Thed-bromoethyl radicals 1a and 1c are most likely
radicals agree reasonably well with the previously reported to contribute the transient resonance Raman spectra if only the
experimental value¥:17 The calculated absorption bands for primary photoproducts and their electronic absorption spectra
the a-bromoethyl radicals are very similar to those for BriCH  are taken into consideration. Based on the B3LYP/64316G-
due to their structural similarity. However, thflebromoethyl (3df,3pd) calculations, the computed vibrational frequencies of
equilibrium conformations 1a and 1c have very different the nominal C-Br stretching, the CCBr bending, and the torsion
calculated absorption bands from thidoromoethyl 1b radical modes of thes-bromoethyl 1a radical are 304, 232, and 338
as well as from the three-bromoethyl radicals. The first two ~ cm™2, respectively, and the calculated vibrational frequencies
absorption bands of th8-bromoethyl radical 1a and 1c are of the nominal C-Br stretch, CCBr bend, and torsion modes

Electronic States and Photochemistry



1036 J. Phys. Chem. A, Vol. 104, No. 5, 2000 Zheng and Phillips

TABLE 7: Calculated and Experimental A-Band Electronic Absorption Bands of the XCH, (X = Br, Cl) Radicals and
Calculated A-Band Electronic Absorption of the BrCH,CH, and BrCHCH ; Radicals

UCIS/6-311G(d,p) RPA/6-311G(d,p)
/IB3LYP/6-311G(d,p) /IB3LYP/6-311G(d,p)

exptl (nm)

CICH, 209 nmf=0.0001 214 nni=0.0002 200
170 nmf=0.0000158 172 nrf=0.0000
158 nmf=0.0049 159 nni=0.0016
BrCH, 244 nmf=0.0000 251 nni=0.0000 230
188 nmf=0.0000 193 nnf=0.0000
180 nmf=0.0000 181 nnf=0.0000
UCIS/6-311G(d,p) UCIS/6-31H+G(3df,3pd)// RPA/6-311G(d,p) RPA-6-311+G(3df,3pd)
/IB3LYP/6-311G(d,p)  B3LYP/6-31H+G(3df,3pd)  //B3LYP/6-311G(d,p)  //B3LYP/6-311+G(3df,3pd)
BrCH,CH; 1a 293 nnf=0.0000 287 nni=0.0002 302 nni=0.0001 298 nni=0.0004
292 nmf=0.0007 286 nni=0.0015 302 nnf=0.0010 298 nni=0.0018
223 nmf=0.0160 224 nni=0.0105 253 nni=0.0322 254 nni=0.0244
BrCH,CH;, 1b 207 nmf=0.0000 213 nni=0.0000
204 nmf=0.0000 210 nni=0.0000
181 nmf=0.0005 201 nni=0.0000
BrCH,CH;, 1c 279 nmi=0.0003 288 nni=0.0001
277 nmf=0.0003 285 nni=0.0001
226 nmf=0.0082 259 nni=0.0056
BrCHCHs2a 248 nnf=0.0024 256 nni=0.0004
187 nmf=0.0000 192 nnf=0.0000
173 nmf=0.0001 174 nni=0.0000
BrCHCHs 2b 263 nmf=0.0000 272 nni=0.0001
190 nmf=0.0000 194 nnf=0.0000
170 nmf=0.0000 171 nni=0.0000
BrCHCHs 2¢ 254 nmf=0.0004 262 nni=0.0000

187 nmf=0.0000
171 nmf=0.0000

192 nni=0.0000
172 nni=0.0000

aValue from ref 18° Value from ref 19.

282.4 nm 299.0 nm

239

Intensity

400
Raman Shift (cm” )

Figure 4. Transient resonance Raman spectra of 1-bromo-2-iodoethane in cyclohexane solution (excitation wavelengths of 282.4 and 299.1 nm).
of the S-bromoethyl 1c radical are 406, 251, and 1317ém

200 400 600 200 600

obtained from our ab initio calculations (see calculation section
We do not consider the transition conformation 1bgebro- for details). The reader is also referred to several recent reports
moethyl radical and three conformationsoebromoethyl radical for similar types of calculation®-51 Table 8 suggests that the
because their A-band electronic absorptions are far away from304 and 232 cmt! vibrational modes of thg-bromoethyl 1a

the excitation wavelengths used for the resonance Ramanradical and the 131, 251, and 406 chvibrational modes of
experiments. Table 8 lists the relative resonance Raman intensitythe 5-bromoethyl 1c radical are the most probable Franck
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TABLE 8: Ab Initio Calculated Resonance Raman between the 1a, 1b, and 1c conformations. We rule out the
Intensities of the BrCH,CH; and BrCHCH 3 Radicals (see S-bromoethyl 1b radical for any noticeable contribution to the
text for details) observed transient resonance Raman spectra due to its very low
freq (cm™) A intensity population and the fact that its electronic absorption is signifi-
BrCH,CH, 1a 787 0.00 0.00 cantly different from the A-band absorption of 1-bromo-2-
338 0.00 0.00 iodoethane. Since the relative populationtiais1-bromo-2-
304 —0.71 0.87 iodoethane (which correlates to tgebromoethyl radical 1a)
B 232 1.00 1.00 to gauchel-bromo-2-iodoethane (which correlates to fhlro-
rCH,CH, 1c 782 0.015 0.01 . . .
406 —0.09 0.08 moethyl 1c radical) is about 70:30, we would expect that the
251 ~0.18 0.11 relative population of theS-bromoethyl radical 1a to the
131 —1.00 1.00 p-bromoethyl radical 1c could be between 100:16 to 70:30.
BrCHCH; 2a 623 —1.00 1.00 During the ns laser pulse, several processes may influence the
ggé _8'61g gfg internal coordinate motions of thg-bromoethyl 1a and 1c
141 ~0.03 0.00 radicals detected by the transient resonance Raman spectra. The
BrCHCHs 2b 623 —0.28 0.88 first process is a bridging or shuttling motion of Br atom
314 0.60 1.00 between the two carbon center of thEbromoethyl 1a,
244 0.055 0.005 postulated by Engel and Peyerimh#fThe calculated energy
BrCHCH, 2c ggg _%%% %80‘;') barrier for Br atom shuttling was calculated to be2Lkcal/
176 0.39 0.05 mol 38 If this process happens, a large CCBr bending motion

(A" symmetry) and €Br motion would be expected to occur.

Condon active modes. Table 8 also shows that the 131t cm This would give two bands (around the calculated 230 and 300
torsion mode has the largest normal mode displacement andcm™* frequencies for the CCBr bend and—@r stretch

has the largest intensity for the resonance Raman spectra of théespectively) and possibly overtones and combination bands as
S-bromoethyl 1c radical. Therefore, we tentatively assign the Well in the transient resonance Raman spectra. The second
observed 141, 275, and 407 chbands to the fundamental, its ~ Process may be a hydrogen atom attached t@tbarbon atom

first overtone, and its second overtone of the torsion vibration of the f-bromoethyl 1a radical migrating to the-carbon to
mode for thg3-bromoethyl 1c radical. The observed 275¢ém  form a-bromoethyl 2a radical. Thg-bromoethyl 1c radical or
band can also be assigned to the CCBr bending vibration for other structurally similar radicals may be intermediates during
the 8-bromoethyl 1c radical. The observed 248 ¢nband is this hydrogen migration between la and 2a. Figure 5 shows

assigned to the CCBr bending vibration of thdromoethyl the Newman projections of the calculated geometry structures
la radical. The experimental 338 chnband is tentatively for the bromoethyl 1a, 1c, and 2a radicals and corresponding
assigned to the €Br stretching vibration of th@-bromoethyl transition state structure for 1,2-hydrogen migration between

la radical based on the ab initio calculated resonance Ramanla and 2a (our calculation results at B3LYP/6-311G(d,p) level
intensity. However, the large frequency uncertainties that exist of theory). Figure 5 illustrates the possible important role of
between various levels of theory calculations for this vibrational the g-bromoethyl 1c radical or other radicals with structures
mode make this assignment more uncertain than the others. similar to 1c in the process of the 1,2-hydrogen migration. The
1-Bromo-2-iodoethane has two chromophores coupled to eachcomputed 1,2-hydrogen migration energy barrier (between
other3® It may be possible that both-@ and G-Br chro- ground state 1a or 1c and the transition state) is about 46 kcal/
mophores are excited and lead to formation of both bromoethyl mol (at B3LYP/6-311G(d,p) level of theory). Hamilton and
radicals and iodoethyl radicals. There may also be secondarySchaefer carried out the DZd CISD calculations for the
reactions occurring during the laser pulselQ ns) to give transition state of the 1,2-hydrogen migration between 1a and
dihaloethyl products that could also absorb in the A-band 1c of the similar bromoethyl radical cation and predicted that
absorption. However, thg-bromoethyl radicals appear to be the corresponding energy barrier was 25 kcal/mol. Since an
the most likely candidates for the transient resonance Ramanaddition of one electron to the three-member ring system of
spectra. We note that the relative equilibrium population of three the bromoethyl radical cation destabilizes the radical, a higher
p-bromoethyl radicals is 1a:1b:*e 1:0.0005:0.16, based on a hydrogen migration energy barrier for bromoethyl radical than
Boltzmann distribution and the calculated energy difference for the corresponding radical cation is expected. The calculated

Br;
}3Ir3 E
E Hy E
H5 - - H4
la Ic TS for 1,2-H-Migration 2a

Figure 5. Newmann projections for the geometries of the XCH, radicals 1la and 1c, XCHGHadical 2a, and the transition state for the
1,2-hydrogen migration between X@EH, 1la or 1c and XCHCEl2a radicals.
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transition energy between the ground state and the first excitedPh(ll)Lli?ngé;nizség-dg-Bz_ Ié%iarou, Y. G.; Papagiannakopoulo&Hem.
i ; ys. Le 4 .
ewlgztro%rgir?’:?i)(ahg{o%laeggrjéil)lf’/vﬁltc):cf)]ults ?:rgkgf:(]r;‘:?éi l?)\//drc:)rgen (12) Chen, K. S.; Krusic, P. J.; Meakin, P.; Kochi, J.XPhys. Chem
1974 78, 2014-2030.

migration energy barrier. Thus, it appears possible for the 1a (13) Meakin, P.; Krusic, P. J. Am. Chem. Sod973 95, 8185-8188.
or 1c radicals to form the 2a radical. If the hydrogen migration 79(111(15)0551%%1%; Yamada, C.; Saito, S.; Hirota, E.Chem. Phys1983
between la or 1c and 2a happens, we would expect some’* e o
excitation of the torsional and CCBr.t.)ending motion.in th'e 823 Egﬂg’s\eﬂ"’ Ps_agg’Sdh':fgg?g_}:g_r;'éé;r?gfll:?;séaig’irg’ﬁ?izgg'aux'
B-bromoethyl 1c radical. There are additional processes in which R : Forst, W J. Chem. Soc., Faraday Trank991, 87, 2367-2377.
the la and 1c radicals could be intermediates. (17) Villenave, E.; Lesclaux, RChem. Phys. Lett1995 236, 376—

Our present density functional theory calculations suggest that 384: ) . .
electron correlation effects are important to take into account 26’%85526;129. sted, J.; Ellermann, T.; Nielsen, Ongl.J. Chem. Kinetl994
for the bromoethyl radicals. The calculations presented here are  (19) yamada, C.; Hirota, EJ. Mol. Spectrosc1986 116, 101-107.
intended to provide a reasonable estimate of structures, vibra- (20) Jacox, M. E.; Miligan, D. EJ. Chem. Phys1969 50, 3252-3262.
tional modes, and electronic transition energies for several gg ga?%é% 'chlhif:agx?g%h% tgh%nilngl 25 3035 3042
haloethyl radicals (in particular b_ro_moethyl radlcal_s) and are (23) Buzer’ R.. Snelson, AJ. |’=|uorin)</e Chem198Q 15, 89102,
not meant to be a complete description of these radicals. It may (54) compton, D. A. C.; Rayner, D. M. Phys. Chen.982 86, 1628
prove helpful to employ more sophisticated calculations that 1636.
better account for electronic correlation effects to obtain more  (25) Jacox, M. EJ. Phys. Cheml984 88, 445-448.
accurate estimates of the structures and properties of thesgséif)gfé‘“ak' S.; Gisten, H.; Sablijic, AJ. Chem. Phys1995 102,
haloethyl radicals. We note the caveat that our tentative 7y opkinson, A. C.; Lien, M. H.; Csizmadia, I. Ghem. Phys. Lett
vibrational assignments of the experimental transient resonance198q 71, 557-562.
Raman spectra to be primarily due to the bromoethyl radicals _ (28) Chen, Y.; Tschuikow-Roux, E. Phys. Chem1992 96, 7266~
la and 1c is preliminary in nature. For example, there are two 7272. ) )

. . . (29) Chen, Y.; Rauk, A.;

observed frequencies, 172 and 192 €mvhich are not assigned g5 5774-2786.
in this simple consideration that the primg#ybromoethyl 1a (30) Chen, Y.; Rauk, A;
and 1c radicals are responsible for the transient resonance Rama#3, 1187-1195.
spectra. Further work is needed to better establish the exact%(?é%)z&%%”ég\(-? Rauk, A.;
nature of the photoproduct species from the A-band photodis- " (35) chen, v.; Rauk, A.;
sociation of 1-bromo-2-iodoethane in cyclohexane solution. We 94, 7299-7310.
are planning to obtain transient resonance Raman spectra with (33) Cai, Z.-L.J. Phys. Chem1993 97, 8399-8402.
different wavelengths and experimental conditions to help better __(34) Russo, N.; Sicilia, E.; Toscano, Nl. Chem. Physl992 97, 5031~
elucidate the observed photoproduct species. We are alSO " (35y pacansky, J.; Koch, W.; Miller, M. Dl Am. Chem. Sod 991
planning to carry out the photodissociation product analysis in 113 317-328.
order to better correlate the relative importance of the radical  (36) Zheng, X.; Phillips, D. LJ. Chem. Phys1999 110, 1638-1649.
1a and 1c in the process of the photodissociation of 1-bromo-  (37) Engel, B.; Peyerimhoff, S. DT(HEOCHEM1986 31, 59-68.
2-iodoethane. It would be very helpful to carry out ultrafast H.(S.?)Sffgjﬁigefs:egg'ga ﬁ?k.;Frc'shCé‘e’s'\g'rﬁ];nT,?Céi’ %&éﬁﬂ!fﬂ?'@l;
time-resolved spectroscopy studies to monitor in different time montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,
scales of the photochemistry of the nascent and later photodis-J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;

Tschuikow-Roux, H. Chem. Phys1991],
Tschuikow-Roux, H. Chem. Phys199Q
Tschuikow-Roux, B. Chem. Phys199Q

Tschuikow-Roux, H. Chem. Phys1991,

sociation products formed in the A-band photodissociation o
1-bromo-2-iodoethane in cyclohexane solution.
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