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Matrix Infrared Spectrum and Bonding in the Dibromomethyl Radical* 

T. GRANVILLE CARVERt AND LESTER ANDREwst 

Chemistry Department and Center for Advanced Studies, University of Virginia, Charlottesville, Virginia 22901 
(Received 13 December 1968) 

Simultaneous condensation of bromoform and lithium atoms at high dilution in argon on a Csl window 
at 15°K produces new infrared absorptions which are assigned to lithium bromide and the dibromomethyl 
radical. The identity of dibromomethyl is confirmed by comparison of spectra obtained from HCBra, DCBrl, 
and HCBr2CI precursors reacting with lithium and sodium. These new absorptions are assigned to the anti­
symmetric H-C-Br bending and C-Br stretching modes and the symmetric C-Br vibration. The anti­
symmetric vibrational assignments are supported by product-rule and normal-coordinate calculations which 
give the potential constants F&6=3.10±0.1O mdyn/ A, F&6=0.32±0.01 mdyn/rad, and Fu=0.50±0.05 
mdyn. A/radl , while the symmetric C-Br mode yields an approximate force constant F22 = 3.7 ±OA mdyn/ A. 
The C-Br valence force constants for bromomethyl radicals exceed normal C-Br values, while electronic 
stabilization for these radicals is indicated by bond dissociation energies. Similar results for chloromethyl 
radicals, in contrast to fiuoromethyl radicals, suggest that (p-d)'tr bonding between the free-radical carbon 
orbital and the d orbitals on chlorine and bromine might account for the stabilization of chloromethyJ and 
bromomethyl radicals, which cannot occur for fiuoromethyl radicals or molecules with completely satisfied 
valence. 

INTRODUCTION 

The dibromomethyl radical has been proposed as 
an intermediate in the peroxide-initiated reaction of 
bromoform with olefinsl and in the pyrolysis of bromo­
form.2 Although this radical has received relatively little 
attention in detailed mechanistic studies, its infrared 
spectrum and potential constants are of interest for 
comparison with those of the tribromomethyl8 and di­
chloromethyl4 radicals and with the potential constants 
of stable molecules. 

EXPERIMENTAL 

The 15°K refrigeration system, vacuum vessel, alakli­
metal source, and experimental technique have been 
described earlier.6,6 Isotopically enriched samples of 
lithium metal, 99.99% 'lLi and 95.6% 6Li, 4.4% 7Li 
(ORNL) , and sodium metal O. T. Baker, lump) were 
used without purification. Bromoform (Matheson, Cole­
man and Bell, spectroquality) ; bromoform-d (E. Merch, 
99%) and chlorodibromomethane (Columbia Organic 
Chemicals, reagent) were outgassed by repeated freez­
ing and thawing under vacuum and were vacuum dis­
tilled over adsorption alumina retaining the middle 
fraction. Argon (Air Products, 99.995%) and krypton 
(Matheson, research grade) were used without purifi­
cation. 

Samples of bromoform (matrix/reactant=M/R= 

• Taken from the thesis submitted by T. Granville Carver to 
the Graduate School of the University of Virginia in partial fulfill­
ment of the requirements of the degree of Doctor of Philosophy. 

t Present address: Uniroyal Research, Wayne, N.J., 07470. 
t To whom requests for reprints should be sent. 
1 M. S. Kharasch, E. V. Jensen, and W. H. Urry, J. Am. Chern. 

Soc. 69, 1100 (1947). 
2 M. Szwarc and A. H. Sehon, J. Chern. Phys. 19, 656 (1951). 
3 L. Andrews and T. G. Carver, J. Chern. Phys.49, 896 (1968). 
• T. G. Carver and L. Andrews, J. Chem. Phys. 50, 4235 (1969), 

following paper. 
& L. Andrews, J. Chern. Phys. 48, 972 (1968). 
IT. G. Carver, Ph.D. thesis, University of Virginia, Charlottes­

ville, Va., 1%9. 

200/1, 400/1, or 1000/1 in argon were simultaneously 
deposited with atomic beams of lithium or sodium 
(matrix/alkali=M/A = 200/1 or 400/1) on a CsI win­
dow maintained at 15°K. Deposition times ranged from 
12 to 24 h. Infrared spectra were recorded during and 
after sample deposition on a Beckman IR-12 filter­
grating spectrophotometer in the 20Q-4000-cm-1 region. 
In selected experiments the deposited sample was 
warmed to near 45°K by bucking the refrigerator with 
electrical heaters on the low-temperature refrigeration 
stage after which it was recooled to 15°K. During this 
operation the window temperature was monitored with 
an Au-2.1 % Co-vs-Cu thermocouple. Frequency accu­
racy is ±0.5 cm-I with spectral slitwidths near 0.8 cm-1 

at 1100, 900, and 700 cm-1 and 2.1 cm-I at 500 cm-I• 

RESULTS 

Bromoform 

Infrared spectra in the 300-1300-cm-1 region for 
HCBra (matrix/reactant= M/R= 200/1) in solid argon 
at 15°K deposited without lithium, with 6Li and with 
7Li (matrix/alkali=M/A = 200/1) are presented in 
Fig_ 1, and the observed frequencies and approximate 
relative intensities are listed in Table I. Comparison 
of the spectrum of HCBra (M/R= 200/1) deposited 
without alkali metal with the published spectrum7 of 
HCBra shows the presence of impurities (labeled I) 
with absorptions at 948, 752, 748, and 695 cm-1 in 
addition to the absorptions of HCBr3, which are labeled 
P in the table and figures. When HCBr3 is deposited 
with lithium, a number of new bands are observed, 
indicating that a reaction has occurred. 

New bands at 504.0 cm-1 and at 438.5 and 431.0 
cm-1 in the spectra of HCBra in argon deposited with 
7Li agree well with the spectra of 7LiBr monomer and 

7 A. G. Meister, S. R. Rosser, and F. F. Cleveland, J. Chem. 
Phys. 18,346 (1950). 
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4224 T. G. CARVER AND L. ANDREWS 

TABLE I. Absorption frequencies (em-I) of the products ofthe reaction of Li (M/A =200/1) with 
HCBr, (M/R=200/1) in an argon matrix.-

Figure 1 
identification 

HA'. 

HA't 

I 

I 

CaB, 
I 

p 

P 

HAa 

U 
p 

LC 

LiBr 

u 

(LiBr). 

(LiBrh 

U 

U 

u 
u 

CHBra 
noLi 

1153.5 (100%T) 

1147.0 (sh) 

948.0 (0.10) 

767.5 (0.29) 

752.0 (0.32) 

748.5 (0.10) 

695.0 (3.08) 

667.0 (100%T) 

644.5 (0.99) 

543.5 (0.34) 

• Intensities (OD Xcm-1) are shown parenthetically. 
b Parent plus 'LiBr. 

dimer, respectively, in an argon matrix at 200 K re­
corded by Schlick and Schnepp.s Although the absorp­
tion of 8LiBr is approximately coincident with 1'2 of 
HCBra at 543.5 em-I, the formation of 8LiBr when 
8Li is deposited with HCBra is indicated by a large 
increase in the intensity of this band and a shift of the 
band peak to 542.0 cm-l along with the appearance of 
new bands at 472.5 and 463.0 cm-l which correspond 
to 8LiBr dimer. Table II compares the observed lithium 

8 S. Schlick and O. Schnepp, J. Chem. Phys. 41, 463 (1964). 

CHBra 
aLi 

1165.0 (1.32) 

1153.5 (100%T) 

1147.0 (sh) 

948.0 (0.12) 

786.0 (3.00) 

778.5 (2.20) 

772.5 (sh) 

767.0 (sh) 

765.0 (2.00) 

760.5 (sh) 

752.5 (0.86) 

748.5 (sh) 

737.0 (0.28) 

695.0 (2.62) 

667.0 (100%T) 

644.5 (0.66) 

633.0 (0.23) 

619.0 (0.36) 

542.0 (O%T)b 

521.0 (0.25) 

504.0 (0.07)0 

495.5 (0.18) 

472.5 (0.80) 

463.0 (0.66) 

440.0 (0.11) 

421.0 (0.18) 

402.0 (0.16) 

CHBr. 
7Li 

1165.0 (1.26) 

1153.5 (100%T) 

1147.0 (sh) 

786.0 (2.66) 

778.5 (1. 90) 

772.5 (sh) 

765.0 (1.65) 

760.5 (sh) 

752.5 (0.49) 

748.5 (sh) 

737.0 (0.14) 

695.0 (2.04) 

667.0 (100%T) 

645.0 (0.39) 

633.0 (0.15) 

620.0 (0.08) 

543.0 (0.34) 

486.5 (sh) 

504.0 (2.86) 

438.5 (0.76) 

431.0 (sh) 

459.0 (0.55) 

401.0 (0.47) 

o Probably 'LiBr due to the 4% 'Li isotope present in the 'Li. 

halide frequencies from the above and other experi­
ments with those obtained by Schlick and Schnepp.s 

Among the new features which appear in the spec­
tra when HCBra is codeposited with 6Li or 7Li are the 
pair of strong bands at 786.0 and 778.5 cm-l which 
are labeled HA2• At slightly lower frequencies a broad 
band with peaks at 765.0 and 760.5 cm-l is designated 
by HA2'. A new band at 1166.0 em-I, just above the 
hydrogen bending mode of the parent, is labeled HAl 
and a weak band at 633.0 cm-l is labeled HAa. Figure 2 
shows the region of HAl, HA2, and HAl recorded under 
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z 
o 
(f) 
(f) 

~ 

~ FIG. 1. Infrared spectra in the 300- « 
125O-cm-1 spectral region for HCBra 0:: 
(M/R=200/1) deposited in argon (a) r­
without alkali metal, (b) with ILi 
(M/A =200/1), and (c) with 7Li r­
(M/A=200/1). ~ 

~ 
~ 

1200 

high-resolution conditions after deposition of HCBr, 
(200/l) with IILi (200/l). 

The band at 737.0 cm-l which appeared on initial 
warming of the heater and Knudsen cell, did not in­
crease in intensity during sample deposition and is 

TABLE II. Infrared spectrum of LiBr in argon and krypton 
matrices (incm-1). 

ILiBr 7LiBr 

Schlick Schlick 
This and This and 
work Schnepp work Schnepp 

Argon matrix 

Monomer 561 521 
541.0 540 504.0 502 

Dimer 472.5 470 449 
463.0 461 438.5 439 

431.0 430 

Krypton matrix 

Monomer 550 521 
530.5 528 494.5 492 

1000 800 600 400 

FREQUENCY (em-I) 

believed to be due to acetylene9 probably produced by 
the reaction of lithium with traces of organic material 
inside the Knudsen cell. Additional weak absorptions 
are seen in some but not all experiments. These bands, 
which are usually weak and appear as shoulders or 
show a lithium isotope shift, are most often seen when 
high concentrations of precursor and alkali metal are 
used. Although the origin of these bands is unknown, 
they are thought to be due to aggregates or lithium­
containing compounds which are not of interest here. 
Since little information about them is available from 
the spectra, these bands remain unidentified and are 
labeled U in Table 1. 

Concentration Variation 

When the concentration ratio of Ar/HCBra IS In­
creased to 1000/l while Ar/Li remains near 200/l, 
bands labeled HAl, HA2, and HA2' are observed but 
are less intense than in the 200fl runs. It is noted 
that the intensity ratio of HAl to that of the high­
frequency component of HA2 (786.0 em-I) remains 

U D. E. Milligan and M. E. Jacox, J. Chern. Phys. 47, 5146 
(1967) . 
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4228 T. G. CARVER AND L. ANDREWS 

TABLE III. Approximate intensity (ODXcm-l) of the high-frequ.ency ~omponent of HA2 (786.0 em-I) and ~he ratio of th~ intensity of 
HAl, low-frequency component of HA2, and HAs to the mtenslty of the 786.0-cm-1 band observed m argon matnces. 

Experiment 

Reactant (M/R) Metal (M/A) 

CHBra (200/1) aLi (200/1) 

CHBra (200/1) 7Li (200/1) 

CHBra (1000/1) aLi (200/1) 

CHBr8 (200/1) Na (200/1) 

CHCIBr2 (200/1) 6Li (200/1) 

CHClBr2 (200/1) 7Li (200/1) 

CHCIBr2 (1000/1) aLi (200/1) 

a HA.(h) is the high.frequency component of HA, (786.0 em-I) and 
HA.(I) is the low-frequency component (778.5 em-I). 

approximately constant at 0.48 while the intensity ratio 
HA2'/HA2 decreased from 0.65 in the M/R=2oo/1 to 
0.16 in the 1000/1 experiment. Table III lists the ratio 
of the intensities of the bands at 1166.0, 778.5, and 
633.0 cm-l to the intensity of the 786.0-cm-1 absorp­
tion in all experiments where these bands are ob­
served. 

Comparison of 6Li, 7Li, and N a 

When lithium is replaced by sodium, bands HAl and 
HA2 again appear with reduced intensity as is seen in 
Fig. 2. These bands show no measurable frequency 
shift with 6Li, 7Li, or N a. The bands labeled HA2' also 
are present but are weak and broad. 

Mixed Halogen Precursors 

Experiments with HCClBr2 as the precursor were 
performed at the same concentrations of parent and 
alkali metal as those used above for HCBr3. These 
results show that both LiCI and LiEr are formed and 
that the bands labeled HAl and HA2 are also present 
when HCClBr2 is reacted with lithium while the band 
labeled HA2' is likely obscured by the parent absorp­
tion. In addition, new bands at 1196.0 and 1188.0 cm-l 
which are labeled HBx, at 866.0, 861.0, and 857.0 cm-l 
labeled HB2, and at 823.5 and 820 cm-l labeled HB2' 
are seen in these spectra. These new absorptions were 
not observed with HCBrs. Figure 2 shows spectra in 
the region from 770 to 880 cm-l and from 1130 to 
1210 cm-l obtained from HCClBr2 (M/R= 200/1) de~ 
posited with 7Li (M/ A = 200/1). When similar experi~ 
ments are performed with HCBrCh, the bands HBI 
and HBI are also observed in the spectra; again the 
bands show the same structure and frequencies.' 

Diffusion Experiments 

When samples deposited at 15°K are warmed to be~ 
tween 35° and 45°K and recooled to 15°K, there is a 

Intensity ratio 

HAl HA2(I)a HAs 
Intensity 
HA2(h) a HA2(h) HA2(h) HA2(h) 

3.00 0.44 0.73b 0.06 

2.66 0.47 0.71b 0.08 

1.24 0.48 0.47 

1.06 0.44 0.49 

0.81 0.44 0.49 

0.68 0.46 0.50 

0.32 0.48 0.50 

b The measured intensity of HA. (I) is too large because the band is 
overlapped by other strong absorptions. 

pronounced growth in the formerly weak bands labeled 
LC at 521.0 and 486.5 cm-l with 6Li and 7Li, respec­
tively. The concomitant growth in HA2' and decrease 
in HA2 are also noted, and it is found that the lower~ 
frequency component of HA2 is relatively more intense 
after warmup than the higher-frequency component 
although both have decreased in intensity. In Fig. 3 
spectra are shown from 470-560 cm-X, 740-800 cm-l , 

and 1130-1180 cm-l for HCBrs (M/R=2oo/1) with 
6Li and 7Li (M/ A = 200/1) both before and after warm~ 
ing the sample to allow diffusion. 

Upon warmup of the HCClBr2 experiments, bands 
labeled HAl and HA2 show the same behavior as was 
observed in the HCBrs runs, and the bands HBI, HB2, 
and HB2' exhibited similar behavior. The intensity of 
the higher-frequency component of HBI decreases more 
than the lower-frequency one, and the upper compo­
nent of HB2 decreases more than the lower-frequency 
pair. In the experiment with HCClBr2 (M/R=200/1) 
and 6Li (M/A=200/1), a weak band at 523.0 cm-I, a 
few wavenumbers below the LiBr absorption, shows 
a striking increase in intensity. Unfortunately no spec­
tra were obtained in this region after diffusion in the 
7Li run, and the warmup behavior of a similar band 
at 487.0 cm-l was not observed. No bands were ob­
served after diffusion in the HCClBr2 or HCBrs experi­
ments which were not present before warmup. 

Krypton Matrix 

Lithium-6 and lithium-7 (M/A=2oo/1) were de~ 
posited with HCBra (M/R=200/1) in krypton and 
HAl, HA2, and HA2' were found at 1162.0, 781.0, and 
763.0 cm-l, respectively, for 6Li and at 1162.0, 781.5, 
and 763.5 cm-1 for 7Li. As can be seen in Fig. 2, the 
absorption designated HA2, which appears as a pair 
of bands in an Ar matrix, has only one peak with an 
unresolved shoulder in the Kr matrix. 

The frequencies of LiBr in Kr are also compared 
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with the results of Schlick and Schnepp in Table II. 
Bands LC were observed at 508.0 cm-l with 6Li and 
at 474.0 cm-l with 7Li and were found to increase in 
intensity on diffusion as in the Ar matrix. 

80 
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~ 
IK 

FIG. 4. Argon matrix spectra in the 690-740-cm-1 and 880-
93O-cm- 1 spectral regions for (a) DCBra (M/R=1000/1) de­
posited with 7Li (M/A=200/1), (b) DCBra (M/R = 200/1) 
deposited with 6Li (M/A=200/1), and (c) DCBra (M/R= 
200/1) deposited with Na (M/A=200/1). 

Bromoform-d 

Experiments with DCBra (M/R= 200/1) with 6Li, 
7Li, and Na (M/A=2oo/1) and without alkali metal 
were run in addition to DCBra (M/R= 1000/1) with 
7Li (M/A = 200/1). Runs in which lithium was depos­
ited with the DCBra show the spectra of LiBr and a 
number of new absorptions which are also produced 
when Na is deposited with DCBra. The region around 
900 cm-l shows four new bands; the band at 898.5 cm-l 

labeled DAI is the most optically dense band of this 
group in all experiments. The other three bands which 
are weakest in the (M/R= 1000/1) experiment and 
much stronger in the N a runs are labeled DAI' and 
do not show a constant intensity ratio with DAI as is 
seen in Fig. 4. There are also two new bands at 724.5 
and 713 cm-l . The 713-cm-1 band is broad and irregu­
larly shaped in the experiments with Li and is resolved 
into a doublet at 714.5 and 710.0 cm-l in Na runs. 
The band at 724.5 cm-I, which does not shift in fre­
quency with change in alkali metal is labeled DA2, 
while the band at 713 cm-I, which appears to maintain 
an approximately constant intensity ratio with bands 
designated by DA1

/
, is labeled DA2/ A weak band at 

616.5 cm-l (DAa) is also present in the spectra from 
(M/R= 200/1) with both lithium isotopes and does 
not show an isotopic shift. Table IV shows the inten­
sity of DA2 (724.5 cm-l ) and the ratio of the intensities 
of the other bands to the intensity of DA2. On warming 
the sample resulting from codeposition of DCBra 
(M/R=2oo/1) and 6Li (M/Li= 200/1) , a band la­
beled LC near 524 cm-l grows strongly, and this is 
accompanied by a striking increase in intensity of DAl 
and a decrease in intensity of DA2. Because of the 
coincidence of LC with the parent absorption at 525.0 
cm-l and the irregular shape of DAl, quantitative 
measurement was not possible. 

DISCUSSION 

We wish to turn our attention to the identification, 
vibrational assignments, and normal-coordinate analy­
sis of the molecular species responsible for the infrared 
absorptions described above . 

Identification of HA and DA Species 

The observation of LiBr in the spectrum recorded 
after codepositing lithium atoms and bromoform indi­
cates that bromine abstraction by lithium does occur 
making HCBr2 the likely product. In previous studies 
of reactions of alkali-metal atoms with CCl4 and CBr4, 

the primary reaction yielded the trihalomethyl radicaP·6 
and the lithium halide. It seems reasonable to expect 
that the initial products of the reaction of bromoform 
with alkali-metal atoms would be the analogous free 
radical, HCBr2, and the alkali halide. 

It is first concluded that the species producing the 
absorptions HA and DA is highly reactive, since these 
bands decrease markedly in intensity on warming the 
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TABLE IV. Intensity (ODXcm-l) of DA2 (724.5 cm-l) and the ratio of the intensities of other absorptions 
to the intensity of DA2 observed in argon matrices. 

Experiment 

Reactant (M/R) Metal (M/A) 

DCBra (200/1) eLi (200/1) 

DCBra (200/1) 7Li (200/1) 

DCBra (1000/1) 7Li (200/1) 

DCBra (200/1) Na (200/1) 

• DA{(h) is the high-frequency component of DA,' (913.5 cm-') , 
DAt'(m) is the middle-frequency component of DA,' (906.0 cm-'), and 

matrix to 45°K. It is unlikely, although possible, that 
a stable molecule would exhibit this behavior. 

As is seen from Tables III and IV, the ratio of the 
intensities of HAtlHA2, HAa/HA2 and DAI/DA2, 
DAa/DA2 is constant within experimental error; thus, 
these absorptions may be assigned to the same molecu­
lar species. Constant relative intensity is a necessary 
but not !lufficient condition for the assignment of bands 
to the same species. 

In all experiments in which they are observed, the 
bands HAl, HA2, HAa and DAl, DA2, DAa show no 
shift in frequency, within the experimental error of 
±0.5 cm-t, or variation in band shape with changes 
in the precursor, the concentration of the parent, or 
the alkali metal. If the species responsible for these 
absorptions contained an alkali-metal atom(s), a fre­
quency shift would be expected when the alkali metal 
was varied from 6Li to 7Li to N a. Since no frequency 
shifts are found, the absorbing species likely does not 
contain an alkali-metal atom and probably is isolated 
from alkali-metal halides as well. 

The production of the two intense bands, HAl and 
HA2, seen in the HCBr3 reactions, from the analogous 
reaction of HCClBr2 with alkali metals indicates that 
the species responsible for these absorptions must be 
common to both of these precursors and that the mech­
anism of the reaction must be such that the species can 
be easily produced from both HCBr3 and HCClBr2. 
The presence of the bands HAl and HA2 along with 
the spectrum of LiCI in spectra from the HCClBr2-
plus-Li experiments is strong chemical evidence that 
the species HA is the HCBr2 radical and that it is 
produced in the primary step of the halocarbon­
lithium reaction by simple abstraction of a halogen 
atom. 

If the above hypothesis is valid, the,n the abstraction 
of a Br atom from HCClBr2 should yield the free 
radical HCBrCI. Intense new bands labeled HBI and 
HB2 are found, at frequencies higher than HAl and 
HA2, respectively, in spectra resulting from reaction 
with HCClBr2 (see Fig. 2). The HB absorber is not 

Intensity ratio 

DAl'(h)' DAl'(m)' DAI DAa 
Intensity 

DA2 DA2 DAt DAa DAI 

1.30 1.08 1.12 2.10 0.23 

0.96 1.08 1.10 2.10 0.21 

0.61 0.89 0.89 2.18 

0.62 1.33 2.60 2.19 

the low component of DA,' is a shoulder at 893.0 cm -', the intensity of 
which could not be measured accurately. 

produced by the reaction of alkali metals with HCBra, 
but the HB absorptions are seen in spectra from the 
reaction with HCBrCl2 (see following paper40) as well 
as HCBr2Cl. Thus, the same arguments which were 
applied to HCBr2 may be adopted for the HB absorber; 
it must be common to both HCBr2CI and HCBrCI2. It 
is concluded that the absorptions labeled HBI and HB2 
are due to HCBrCI. 

It has been previously noted that in an argon ma­
trix the spectral feature designated HAl is a pair of 
sharp bands separated by 7.5 cm-l and that the 786.0-
cm-1 component is more intense than the 778.5-cm-1 

component before warmup while the reverse is found 
after diffusion. This frequency difference and the be­
havior on warmup are typical of site effectslO often 
observed in matrix spectra; this pair of bands is likely 
due to a single vibrational mode of a species trapped 
in two nonequivalent sites in the argon matrix. With 
krypton as the matrix gas, only a single absorption is 

TABLE V. New absorptions resulting from the reaction of lithium 
with bromoform and bromoform-d in an argon matrix. 

Label 
Frequency 

(em-I) 

Bromoform 

HAl 1165.9 

HAs 786.0 

HAl 778.5 

HAs' 765.0 

HAl' 760.5 

HAa 633.0 

Lithium-6 

LC 521.0 

Label 
Frequency 

(em-I) 

Bromoform-d 

DA/ 913.5 

DAI' 906.0 

DAI 898.4 

DAl' 893.0 

DAB 724.7 

DAI ' 713.0 

DAa 616.5 

Lithium-7 

LC 486.5 

10 G. C. Pimentel and S. W. Charles, Pure Appl. Chem. 7, 111 
(1963). 
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found at 781.0 cm-l and this band is labeled HAl in 
Fig. 2. Thus, a dependence on the nature of the matrix 
is clearly demonstrated. Site effects have been found 
for CBra radicals3 and other reactive species such as 
HCCh.4 

We conclude that the species causing the HA and 
DA absorptions are the HCBr2 and DCBr2 free radicals. 

Identification of the HA' and DA' Species 

Although compelling evidence has been presented 
linking the absorptions labeled HA and DA with the 
radicals HCBr2 and DCBr2, the origin of the bands 
HA' and DA', which lie in close proximity to the 
radical absorptions, has not been identified. The bands 
labeled DAt' and DA2' appear qualitatively to show 
corresponding changes under the various conditions of 
the experiments, and these bands are thought to be due 
to the same molecular species. No primed band is found 
in the vicinity of HAl, but such a band might be ob­
scured by the strong parent absorption just below HAl. 
The primed absorptions do not maintain a constant 
intensity relative to the radical bands as the concen­
trations of Li and the precursor are varied, and they 
show independent behavior on warmup, sometimes in­
creasing while the radical absorptions show a decrease. 
When N a is the alkali metal used, the primed absorp­
tions show changes in intensity and band shape. 

Several conclusions about the nature of the species 
responsible for the primed absorptions seem apparent. 
It appears that the species responsible for these bands 
is likely an aggregate or poorly isolated species since 
relatively less of this species is produced at low con­
centrations of precursor (high M / R). The similarity 
between the primed bands and the spectrum of the 
radical for both HCBr2 and DCBr2 suggests that the 
primed absorptions are due to a perturbed radical. 
The proximity of the primed bands to those of the 
radical further strengthens this argument, especially 
when it is noted that both HA2 and HA2' lie at some­
what higher than normal frequencies for C-Br vibra­
tions. 

The differences in the primed bands found upon 
comparison of results from Li and Na are evidence 
that the alkali metal or its halide may be the perturb­
ing influence. We feel that the species producing the 
primed absorptions is a radical perturbed by or weakly 
bonded to an alkali halide since the alkali metal alone 
would be expected to bond to the radical producing 
much more drastic spectral changes (see, for example, 
Ref. 11). Further, the increase in the intensity of the 
primed bands on diffusion may be taken to infer that 
the absorptions are due to a weakly bonded complex. 

In addition, bands in an Ar matrix at 521.0 cm-l in 
the 6Li runs and at 486.5 cm-l in the 7Li experiments 

11 L. Andrews and T. G. Carver, J. Phys. Chern. 72, 1743 
(1968) . 

which are labeled LC and show growth on warmup 
and similar bands in a Kr matrix mav be due to LiBr 
complexed to the radical. Qualitativeiy, at least, these 
bands show approximately constant intensity ratios 
with the primed bands and similar growth on warmup. 
Force constant calculations, assuming that the LC 
bands are due to LiBr, yield excellent agreement be­
tween the observed and calculated lithium isotope 
shifts. No bands of LiBr in an argon or krypton ma­
trix have been found at the frequencies of LC in our 
experience or in the work of Schlick and Schnepp.s 
Further, isolated LiBr is known to decrease in inten­
sity on diffusion, in contrast to LC. We therefore 
surmise that the origin of the LC absorptions is likely 
the complexed LiBr which is weakly bonded to the 
radical. The force constants for the complexed LiBr 
(labeled LC) are smaller than for the unperturbed 
LiBr, and the agreement between the calculated and 
observed frequencies is not as good for LC as for LiBr. 
The lower frequency for the complexed LiBr may be 
due to a lower force constant corresponding to a weaker 
Li-Br bond or an increase in the effective reduced mass 
which would be expected in a complexed LiBr. The 
slightly poorer agreement between the frequencies sug­
gests that the LiBr in the complex feels the effect of 
the mass of the radical. 

Recently, Tan and Pimentell2 have suggested the 
interaction between an alkali-metal halide and the 
methyl radical to explain certain features in spectra 
obtained from the reaction of CHaBr and CHaI with 
alkali metals. In this work, no absorptions were as­
signed to the complexed alkali halide vibrations. It 
seems likely that a higher concentration of radicals 
and LiBr was produced here than in the study by Tan 
and Pimentel, since HCBra is expected to be more 
reactive toward alkali metals than the methyl halides. 
The higher concentration of radicals and LiBr should 
lead to a higher concentration of the complex which 
would allow the observation of the weak absorption 
assigned here to the complexed LiBr. It is interesting 
to note that a basic difference may exist between the 
radical-alkali halide complex suggested here and the 
methyl alkali halide proposed by Tan and Pimentel. 
Since HCBr2 is expected to have a dipole moment in 
contrast to the methyl radical which is planar and has 
no dipole moment, dipole-dipole interaction is possible 
between the HCBr2 radical and the alkali halide which 
has a large dipole moment. If dipole-dipole interaction 
is the origin of the perturbation, the alkali halide 
would lie parallel to the radical with its dipole mo­
ment opposed to that of the radical. Unfortunately, 
it is impossible to draw any conclusions about the 
structure of the complex from the observed spectra. 
It is, however, noteworthy that the frequency shifts 

12 L. Y. Tan and G. C. Pimentel, J. Chern. Phys. 48, 5202 
(1968) . 
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between the isolated and perturbed radicals are small 
and that little difference in perturbations was seen 
between LiBr and NaBr. No evidence of similar per­
turbations was found for CBra3 or for CCla.5 

Vibrational Assignments 

Since the dibromomethyl radical has not been previ­
ously detected by physical methods, its structure is 
unknown. However, methyl itself is reported to be 
planar13 while trifluoromethyl is pyramidal.l4 The elec­
tron spin resonance spectrum of difiuoromethyl has 
been interpreted to suggest a pyramidal structure14 

with valence angles near 115°. The appearance of bands 
in the infrared spectra of trichloromethyl5 and tribromo­
methyl3 assigned to the symmetric carbon-halogen 
stretching vibration implies that these radicals are 
also nonplanar. By analogy, we suggest that the dibro­
momethyl radical is pyramidal with bond angles inter­
mediate between tetrahedral and planar. Assuming that 
the C-Br bond distances and H-C-Br angles are iden­
tical, the radical has C. symmetry. If t~e molecule is 
planar, it would belong to the C2• pomt group. A 
nonlinear tetra-atomic molecule has six normal modes 
of vibration. For a pyramidal radical with C, symme­
try, four normal modes belong to the A' symmetry 
species and two to the A" species, with all six modes 
infrared-allowed. The feature labeled HAl is at an 
appropriate frequency for assignment to the antisym­
metric HCBr valence angle bending mode, Vi (A"), of 
the dibromomethyl radical while the absorption desig­
nated DAI is assigned to the same mode of dibromo­
methyl-d. The bands assigned to the antisymmetric 
C-Br stretching vibration, V6 (A"), have been desig­
nated HA2 and DA2 for HCBr2 and DCBr2, respectively. 

The absorptions labeled HAs and DAs are assigned 
to the symmetric C-Br stretching motion, V2 (A'), of 
HCBr2 and DCBr2, respectively. Comparison of the 
spectrum of HCBr2 with that of H2CBr2 in an Ar 
matrix (see Ref. 3) shows that HAs lies 50 cm-I above 
the corresponding motion of H2CBr2 while HA2 is about 
136 cm-I higher than the similar motion. Although 
product-rule calculations cannot be made, the 16.5-
cm-I deuterium shift of this band is reasonable, since 
the deuterium isotope shift found in this work for the 
symmetric C-Br motion in HCBra is about 18 em-I. 
Thus, the assignment of the bands, HAs and DAs, to 
the symmetric C-Br stretching mode is reasonable, 
but this assignment is not as strongly supported as 
those to Vi and V6 of dibromomethyl. 

A careful search was made for the remaining three 
vibrations of the radical, but no additional absorptions 
were found which could be assigned to this species. 
Sample scattering of the infrared light at higher fre-

13 G. Herzberg, Proc. Roy. Soc. (London) A262, 291 (1961); 
R. W. Fessenden, J. Phys. Chern. 71,74 (1967). 

14 R. W. Fessenden and R. H. Schuler, J. Chern. Phys. 43,2704 
(1965). 

quencies prevented the observation of the C-H stretch­
ing mode which is expected near 3000 cm-I for HCBr2 
and above 2000 cm-I for DCBr2. The other two ab­
sorptions of the radical are either too weak to be 
observed here or lie beyond the low-frequency limit of 
our spectrophotometer. 

Product-Rule Calculations 

Product-rule calculations were done for the A" sym­
metry block using assignments to V5 and V6 for the 
HCBr2 and DCBr2 isotopes, and an average frequency 
(782.3 cm-I) between the observed matrix splitting 
for the HA2 bands for V6 of HCBr2. These calculations 
were performed for angle HCBr= angle BrCBr= 109.5°, 
115°, and 120° and the bond lengths from br~moform.I5 
The usual cubic contribution to anharmoniclty causes 
the calculated harmonic ratio (D jH) to fall slightly 
below the observed anharmonic ratio. We find that 
the observed ratio exceeds the calculated ratio by 
0.20% for the three bond angles. This excellent agree­
ment using reasonable structural parameters supports 
our vibrational assignments to dibromomethyl. 

N onnal-Coordinate Calculations 

Normal-coordinate calculations were performed using 
the Wilson FG matrix method and a least-squares ad­
justment program FAD] written by J. H. Scha~ht­
schneider. Internal coordinates were transformed mto 
the symmetry coordinates listed in the difiuoromethyl 
radical paper.I6 Since both frequencies in the A" block 
were observed for HCBr2 and DCBr2, the complete F 
matrix which best fit the observed A" frequencies was 
determined for the 115° bond angle estimated earlier 
in this paper for dibromomethyl. The F matrix for the 
antisymmetric symmetry block for tetrahedral and 
planar bond angles are also listed in Table VI for 
comparison. Even though the planar geometry belongs 
to C2v symmetry, the antisymmetric symmetry coordi­
nates in C2v symmetry are the same as those in C, 
symmetry. The excellent agreement between calculated 
and observed frequencies adds strong support to the 
antisymmetric vibrational assignments to dibromo­
methyl. 

Unfortunately, we have observed only one frequency 
in the A I symmetry block, so a rigorous calculation of 
the symmetric C-Br symmetry coordinate force con­
stant is not possible. However, an approximate value 
for F22 can be calculated by transfering force constants 
from other similar species for diagonal terms in the F 
matrix and determining the value of F22 which best 
fits the two isotopic assignments to V2. In this calcula-

16 S. Kojima, K. Tsukada, S. Hagiwara, M. Mitushirna, and T. 
Ito, J. Chern. Phys. 20, 804 (1952). 

16 T. G. Carver and L. Andrews, "Infrared Spectrum of the 
Difluorornethyl Radical in Solid Argon," J. Chern. Phys. (to be 
published) . 
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TABLE VII. Carbon-bromine valence force constants· for 
bromocarbon free radicals and stable molecules. 

Molecule 

CBra 

H2CBr 

HCBr2 

CtBr, 

HCBra 

HaCBr 

H2CBr2 

CBr. 

3.5±0.3 

3.42 

3.4±0.3 

3.07 

2.91 

2.90 

2.84 

2.45 

a In millidynes per angstrom. 

0.7±0.3 

0.3±0.3 

0.31 

0.63 

0.19 

0.30 

b Reference 3 assuming Br-C-Br angle = 109.5°. 
• Reference 20 . 

F,-Frr Reference 

2.85 b 

c 

3.10 d 

2.76 e 

2.28 

2.65 

2.15 

g 

h 

b 

dThis work assuming angle H-C-Br=angle Br-C-Br=115°. 
• G. de A1ti. V. Galasso. and G. Costa. Spectrochim. Acta 21, 649 (1965). 
f Reference 18. 
• J. Aldous and I. M. Mills, Spectrochim. Acta 19, 1567 (1963). 
h J. M. Dowling and A. G. Meister, J. Chern. Phys. 22,1042 (1954). 

tion the FOR deduced for the methyl radicaP7 was used 
for Fll while Faa and F44 were taken from bromoform.Is 

The approximate separation of high and low frequen­
cies19 gives another estimate of F22=4.01 mdynjA. Our 
experience is that the former method calculates a lower 
force constant while the latter gives a higher force 
constant than would be obtained in a rigorous calcula­
tion. Thus, we deduce F22=3.7±O.4 mdynjA. 

CONCLUSIONS 

The potential constants of dibromomethyl are of 
interest since they contribute to our understanding of 
the bonding in halomethyl free radicals. 

H-C-Br Bending Force Constant 

The H-C-Br valence angle bending potential con­
stant for HCBr2 is slightly smaller than the analogous 
force constant for bromoforml8 and the dichloromethyl 
radical" The off~diagonal constant between the anti­
symmetric H-C-Br bend and C-Br stretching modes 
for HCBr2 is almost identical to that for HCBra. This 
interaction force constant is manifested in the large 
deuterium shift (62 cm-1) for the antisymmetric carbon­
bromine stretching mode which is largely due to the 
interaction of the 116 and 116 vibrations for DCBr2 rather 
than solely to a mass effect. 

C-Br Stretching Force Constant 

Table VII shows that the antisymmetric carbon­
bromine stretching force constant (F,-F ... ) for dibromo-

17 L. Andrews and G. C. Pimentel, J. Chem. Phys. 47, 3637 
(1967). 

18 V. Galasso, G. de Alti, and G. Costa, Spectrochim. Acta 21, 
669 (1965). 

19 E. B. Wilson, J. C. Decius, and P. C. Cross, Molecular Vibra­
tions (McGraw-Hill Book Co., New York, 1955). 
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methyl is considerably higher than that for bromoform.ls 

The C-Br valence force constant for HCBr2 is deter­
mined from F55 and F22 to be 3.4±0.3 mdyn/ A, some­
what higher than the values between 2.45 and 2.91 
mdyn/ A found for the four bromomethanes. Fr for the 
dibromomethyl radical is near that for the tribromo­
methyP and bromomethyl20 radicals. The uncertainty 
in Frr contributed by the approximate value of F22 
should be near that given here since F rr ranges between 
0.2 and 0.7 mdyn/A for a number of bromocarbon 
molecules. Thus, the Fr deduced here for HCBr2 is 
expected to be accurate within the approximate limits 
shown in Table VII. 

Bonding in Bromomethyl Radicals 

As we have pointed out earlier,S studies of the bond 
dissociation energies have suggested that the tribromo­
methyl radical is electronically stabilized by approx­
imately 12 kcal/mole. Moreover, the C-Br force 
constant for tribromomethyl exceeds normal C-Br 
single-bond values. In like manner, bond dissociation 
energies indicate that dibromomethyl is electronically 
stabilized,21 although to a lesser degree than tribromo­
methyl, which parallels our finding higher than normal 
C-Br force constants in dibromomethyl. Apparently, 
trifluoromethyl21 and difluoromethyl are stabilized very 
little if any, in line with the observation of normal 
C-F valence force constantsI6 for these fluoromethyl 
radicals. This contrasts to trichloromethyl and dichloro­
methyl which are electronically stabilized21 and have 
higher than normal C-CI force constants.4,5 

We suggested earlier,5 that the high C-Br and C-CI 
force constants found for CBra and CCla could be 
attributed to resonance stabilization of these free radi­
cals by participation of the charged structures illus­
trated by Andrews and Carver for CBra. The observa­
tion of normal C-F bonds in CFa and HCF2 is consistent 
with this explanation since the more electronegative 
fluorine would not be expected to transfer a single 
electron to carbon as readily as would the more polar­
izable chlorine and bromine atoms. The high carbon­
halogen force constants in HCBr2 and HCCb can be ex­
plained using analogous resonance structures. 

However, there is still another difference between 
fluorine as compared to chlorine and bromine. While 
fluorine has only sand p orbitals available for bonding, 
chlorine and bromine have in addition d orbitals in 
their valence shells. This suggests consideration of addi­
tional stabilization of chlorine and bromine bonds to a 
free-radical carbon involving (p-d) 7r bonding between 

20 L. Andrews, work on H2CBr is in progress. 
!l A. H. Sehon and M. Szwarc, Proc. Roy. Soc. (London) 

A209, 110 (1951). 

the half-filled orbital on carbon in the radical and the 
chlorine or bromine d orbitals. Such bonding is not 
possible for fluoromethyl radicals or for normal mole­
cules with completely satisfied valence. The p charaJ 
ter of the free-radical electron is, of course, dictated 
by the hybridization of the carbon orbitals and struc­
ture of the free radical, which possibly ranges from 
near spa for CCls and CBra to almost pure p for H2CCI 
and H2CBr. 

That the d orbitals on chlorine and bromine are 
available for bonding is indicated by the existence of 
such interhalogen compounds as CIFa and BrFa. How­
ever, Jaffe22 suggests the need for a small positive 
charge on the d-orbital atom to contract its d orbitals 
in order to make them overlap more favorably with p 
orbitals on adjacent atoms. (d-p) 7r bonding has been 
discussed23 for SiF4, in which the highly electronegative 
fluorine atoms produce a polarity in the u bonds. Conse­
quently, the d orbitals of silicon contract, and these 
orbitals may form 7r bonds with the extra p orbitals 
on fluorine. However, it has been pointed out that 
p-d orbital overlap is better when the d orbital is con­
siderably more diffuse,23 so the presence of positive 
charge may not be necessary. (p-d) 7r bonding in thio­
phene between carbon and sulfur need not require any 
positive charge on sulfur,23 although the presence of 
such positive charge has been suggested by the par­
ticipation of resonance structures.24 

Even though chlorine and bromine are slightly more 
electronegative than carbon, any participation of the 
charged resonance structures of the type illustrateda 
for CBra produces positive charge on the halogen. It 
should be noted that the electronegativity of "free­
radical carbon" is not known and it might easily exceed 
the electronegativity of carbon with all of its valence 
satisfied. Thus, if the presence of a small positive 
charge on bromine and chlorine is necessary to involve 
their d orbitals in (p-d) 7r bonding, a mechanism to 
produce this positive charge is readily available. How­
ever, as in the case of carbon-sulfur bonding, this 
positive charge may not be necessary.23 

Accordingly, we propose that the enhanced stability 
of the bromomethyl and chloromethyl free radicals as 
shown by bond dissociation energies and higher carbon­
halogen bond force constants can be attributed to 
(p-d) 7r bonding between the half-filled orbital on 
carbon and the d orbital of appropriate symmetry 
on bromine and chlorine. The free-radical electron is 
available for bonding in the (p-d) 7r molecular orbital. 

22 H. H. Jaffe, J. Phys. Chern. 58,185 (1954). 
23 D. P. Craig, A. Maccoll, R. S. Nyholm, L. E. Orgel, and L. E. 

Sutton, J. Chern. Soc. 1954, 332. 
24 V. Schomaker and L. Pauling, J. Am. Chern. Soc. 61, 1769 

(1939); H. C. Longuet-Higgins, Trans. Faraday Soc. 45, 173 
(1949) . 
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