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THE ESR 
IN THE 

STUDY OF THE BF, RADICAL PRODUCED 
T-IRRADIATED SINGLE CRYSTAL OF BF* 

Kunihisa SOGAB E* 

Abstract : ESR spectra of the radicals produced in polycrystal and single crystal of BF3 

under T-rrradiation at 77 K were mvestigated. From analyses of these spectra, the radicals 

were rdentifred as BF3- and BF2 radicals, respectively. ESR parameters of these radicals 

were the very same with those reported in literatures,1,2) Furthermore, the analyses 
showed that an interesting long-range interaction of the BF2 radical with the nearest 
nerghbormg two molecules Is involved and the distance between the BF2 radical and the 
nearest nelghbormg fluorine atom is ca. 2 . 8 A 

INTRODUCTION 

ESR studies of a fluorine-containing radical 

were of considerable undertaken because a 
fluorine nucleus exhibits a large hyperfine 
splitting and formations of radicals are affected 

by various environments.2,3) Phosphoranyl 
radicals of PF*H4_~ type3) were prepared by 
T-irradiations of various matrices containing 

PF3, PF2H, and PH3, respectively. Nelson and 

Gordy2) reported an ESR spectrum of a BF2 
radical created by a T-irradiation of a BF3 

molecule in xenon matrix at 4.2K and no 
spectrum of a BF2 radical in krypton matrix 

Furthermore, they deduced a bond angle of 
the BF2 radical to be ll2" from an analysis 
of an isotropic hyperfine splitting 

A structure of the BF2 radical was long-
established by a UV emition spectrum4) and a 

MO calculation using a INDO method.5)' Za-
ucer and Azman6) speculated spin densities 
on the BF2 radical reported by Nelson and 
Gordy and obtained the values fairly agreed 

with that estimated from the ESR result 

Many SCFMO calculations7) on the bond 
angle of the BF2 radical were reported so 
far, but all values were significantly larger 

than that deduced from the ESR parameters 
Accordingly, the structure of the BF2 radical 

is rather less certain and further studies on 

the BF2 radical would be desirable. 

As a rule, such a study on a single crystal 

facilitates the accurate interpretation of the 

* Department ot chemistry, Facutty ot Education, 
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experimental data substantially and also makes 

possible the direct comparison with the results 

on the polycrystal. However, a single crystal 

of such a molecule as BF3 with low boiling 
point was very difficult to prepare and was 
still not reported even X-rays studies untill 

today. In more recently, Hasegawa et al.8) 
successfully prepared single crystals of PF3 

and SIF at ~/7 K and determined the struc-
tures of the PF4 and ' SiF8 radicals produced 

in T-irradiated single crystals of PF3 and 
SiF4, respectively. Subsequently, present aut-

hor intended to prepare the single crystal of 

BF3 and to investigate the L0rmations and 
the structures of the radicals produced in the 

T-irradiated single crystal of BF3 

EXPERIMENTAL 

Boron trifluoride, BF3, was purcharsed from 

Hashimoto Chemicals and stated having its 
minimum purity of 99.70/0 by supplier. Gas 
was further purified by three vacuum distilla-

tions before use and introduced into an ESR 
sample tube through a grease-cut trap or gr-

easeless cock. Single crystals were prepared 

as follow : crystal growth was successful by 

controlling a steep temperature gradient in 

liquid nitrogen from neary its melting point 

(-127'C). All samples were subjected to T-
irradiations at 77 K by 60Co source with effec-

tive dosages of ca. I M rad/h for 30-35 hr 

ESR spectra were recorded at 77 K without 
permitting the temperature to rise during ha-

ndling. Tlle reproducibility of ESR data from 

one sample to another served as an excellent 
check on the single crystallinity of a particu-
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lar specimen. The angular dependence of the 
spectrum was measured by rotating the single 

crystal about the axis of the crystal growth, 

which is kept perpendicular to the external 
field. Spectra of two arbitary orthogonal axes 

perpendicular to that of crystal growih were 

measured similarly 

RESULTS AND DISCUSSION 

An ESR spectrum of a T-irradiated polycr-

ystal of BF3 is shown in Fig. I (a). This 
spectrum represented a pattern owing to an 
anisotropy characteristic of a solid state and 

consisted of weak signals having a large total 

spread of ca. 1500 G and intence signals with 

a total linewidth of ca. 200 G. The intence 
signals were interpreted to result from a BF3-

radical since the BF3- radical might be pro-

duced by an electron capture of a BF3 mole-

cule under T-irradiation. The BF3- radical 
was previously reported to be a 7r-radical 
with a 2P, orbital occupied by an unpaired 
electron and with a total spread of 200 G1) 

and so was put away in this paper. The 
weak signals showed the same behaviors to 

the microwave power saturation and were 
interpreted to consist in the only radical 
species. 

The weak signals were, however, unbisym-
metric in the vicinity of signals of a hydrogen 

atom and this unbisymmetry might be caused 
by efLects of a second-order perturbation which 

were often observed in the cases of the nucleus 

with a nuclear spin more than I = 1.9) In this 

case, a B nucleus (1 = 3/2) being able to ex-

pect the second-order perturbation and/or two 

F nuclei (1 = 1/2) are involved and then the 

radical obtained here would be a boron-
centered radical. This spectrum is, therefore, 

consist of four groups, in which each group 

is composed of a triplet with fairly large 
anisotropies. Furthermore, each component of 

the triplet is assumed to contain three lines 

with a line separation of ca. 25 G, as seen 

from bothside parts of the spectrum 

To further identify this radical species, an 

ESR spectrum of a T-irradiated single crystal 

of BF3 is similarly observed and is shown 
in Fig. I (b). In addition to the intence sig-

nals arised from the BF3- radical, the weak 

signals resulted from the boron-centered ra-

dical were also obtained with a conciseness 

and an increased intensity. This spectrum is 

interpreted to be split into four groups by the 

B nucleus having the effects of the second-

order perturbation and each group is compo-

sed of a triplet with a component splitting 
of ca. 200 G by two equivalent fluorine nuclei 

The triplet is further subdivided to a triplet 

with relative intensities of I ' 2 ･ I and with 

a coupling of ca. 25 G, as seen from the 
comparison with Fig. I (a). In this spectrum, 

two kinds of the triplets are considered to be 

formed by two equivalent fluorine nuclei 
respectivel y 

A perfect analysis of a radical would be 
carried out by measurements of angular dep-
endences of single crystal and so the angular 

dependences about the three mutually perpe-
ndicular axes of the T-irradiated single crystal 

of BF3 were measured. However, the analyses 
of the two orthogonal axes but the crystal 

growth axis could not carry out in spit of 
many attempts. The only result of the angular 

dependences around the axis of the crystal 
growih was shown in Fig. 2. There are three 
magnetically different sites, as seen readily 

from Fig. 2 and an existence of these three 
sites is reasonable under a consideration of a 

planar structure with a C3v Symmetry of the 
BF3 molecule.ro) In each site, the triplet found 

in the outside parts exhibits the component 
splitting of 25 G, extending over all fields 

variations and is considered to consist in two 

equivalent fluorine nuclei with no anisotropy 

The boron-centered radical is, therefore, ide-

ntified to involve the B nucleus and two pairs 

of two equivalent fluorine nuclei 

In order to know a contribution of a second-

order terms in hyperfine splitting of the B 
nucleus, calculations of resonance fields for 

the B nucleus were carried out by the second-

order perturbation theory.9) The transition 

(M, m) ~~ (M-1, m) in the energy of the state 
(M, m) is determined as follow : 

hl) - g~H+ Am {1 + (A//A~/'2A2G)(2M 

1)} + (Aj+ A2)(Ai/4A2G) {1(1 + 

I) -m2} + {(A// A~)2/8A2G} (glrgi 

/g2)2 sin2 2em2 

where, G = *cr~H 

The contribution of the second-order terms 

was 25 G in these spectra and its value could 

explain the unbisymmetry found in these 
spectra reasonably. Then, the ESR parameters 

estimated here as follow 
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Table. 1 Comparison of the observed with thecalculated spin densities 

on the BF2 radical 

Structure 
11B 

p2s a2s (G) 
llF 

p2s a2s (G) 

Observed 

R= ,e 

Calculated 

R= ,e 
R = 1.3A, e 
R = 1.3A, e 

= 5602) 

6) 

= 560 

= 620 

O 410 295 

o . 476 343 

O . 469 338 

O . 449 323 

O . Oll 190 

O . OIO 172 

O . 006 103 

O . 009 155 

aB = 295 G, aF = 190 G, and aF = 25 G 
These values are in good agreement with 

those of the BF2 radical reported by Nelson 

and Gordy2) except for aF = 25 G 

The radical obtained here is interpreted to 

be very similar in structure with the BF2 
radical reported by Nelson and Gordy2) be-

cause of having similar ESR parameters 
Then, it is neccessary to reexamine the spin 

densities of the BF2 radical by the INDO-

UHF method before the INDO-UHF method 
is adapted to the calculation of the spin 
densities on the radical in order to deter-
mine the structure of the boron-centered radi-

cal. A bond length of I .3A from the data 
reported by an electron diffractionu) and the 

bond angle deduced from the ESR parame-
ters2) were used, respectively 

The results on the spin densities calculated 

by the INDO-UHF method are summarized 
in Table 1, together with the result repor-

ted by Zaucer and Azman,6) and these values 
are fairly agree_d with those estimated from the 

ESR parameters.2) As the results in Table I sh-

ow, the bond angle of e = 6_9' rather than e = 

51' should be evaluated to obtain the best fit 

between the observed and calculated spin de-

nsities. Further agreements between the obse-

rved and calculated values might be expected 

by making use of a value, R = 1.4 A, as the 

bond length of the BF2 radical but no calcu-

lations were carried out. By the use of the 

INDO-UHF method giving the good results 
of the spin densities on the BF2 radical, the 

spin densities on the boron-centered radical 

would be calculated and then the structure of 
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mteraction of the BF2 radical with the nearest neighboring molecules 



24 Kumhisa SOGABE 

the radical would be determined 

The PF4 radical was well known to be the 

structure with two pairs of two equivalent 
fluorine atoms and with the bond angles of 
O = 51' and ip = 90',8,12) respectively. The 
boron-centered radical also contains two pairs 

of two equivalent fluorine atoms and then it 

may be a BF4 radical with the same structure 

as the PF4 radical. The model for the struc-

ture of the BF4 radical is shown in Fig. 3 
(a), using the same definitions as the PF4 
radical.12) 

The results of the calculations on the spin 

densities for the BF4 radical are summarized 

in Table 2. As the results in Table 2 show, 

the spin densities on the B nucleus slightly 

increase with the increases of the bond ang-

le, e, and/or the bond lengths, R, but are 

made no comparison with those estimated 
from the ESR spectrum. Furthermore, the 
spin densities on the F2 nucleus increase with 

the increase of the bond angle, e, but decrease 

with tht increase of the bond angle, lp, in the 

case of R1 = R2 = I .3 A, while they become 

in contrast with the results above in the case 

of Rl = R2 = 1.4A. The spin densities on 
the F1 nucleus decrease with the increases of 

the bond angles of e and lp and of the bond 
length of R1 and R2, but they are larger than 

those on the F2 nucleus except for the cases 

of ip = 87' and Rl = R2 = 1.4 A. Accordingly, 

it is found that the boron-centered radical is 

unsuccessfully explained by the model of the 

BF4 radical with two pairs of two equivalent 

fluorine atoms, in any cases of the combina-
tions of e, ip, and R 

The spin densities of the two equivalent 
fluorine atoms having a small coupling of 25 

G are only 0.0015 (o, = 0.15010), and the ani-

sotropies owing to these fluorine atoms are 
hardly found, as seen from Fig. 2. Therefore, 

the coupling of 25 G is expected to result 
from the interactions between the ejection 
electron and the nearest neighboring two 
fluorine atoms because such long-range inte-
ractions are often seen in the studies on the 

single crystals irradiated at low temperature.8) 

The model of the long-range interaction for 

Table 2 The spin densities on the BF+ radical calculated using the INDO method 

Structure Orbital 

R = R = 1.3A 
l 2 e 51 - . 

R R = 1.3A 

e = 56-

R1 = R2 = 1.3A 
e = 60' 

R =R =14A l 2 e 56 ~ . 

Rl = R2 = 1.4 A 

e = 60' 

c = 90Q 

c = 110' 

c = 80' 

c = 87' 

c = 110' 

c = 80' 

c = 87' 

ip = 80' 

lp = 87' 

c = 80' 

ip = 87' 

S
 P
 

S
 P
 

s
 P
 

S
 P
 

P
 

S
 P
 

S
 P
 

S
 P
 

S
 P
 

s
 P
 

S
 P
 

llB 19F2 19Fl (two equivalentXtwo equrvalent) 

- O . 0235 

- O . 0390 

- O . 0518 

- O . 1021 

- O . 0434 

- O . 1011 

- O . 0498 

- O . 1046 

- O . 0522 

-O . 1011 

- O . 0414 

- O . 0970 

- O . 0498 

- O . 1034 

- O . 0676 

- O . 1365 

- O . 0712 

- O . 1330 

- O . 0672 

- O . 1357 

O . 0710 

O . 1322 

O . 0033 

O . 3315 

- O . OO11 

O . 3249 

O . 0026 

O . 2747 

O . O004 

O . 2939 

- O . OOIO 

O . 3084 

O . 0030 

O . 2709 

O . O009 

O . 2845 

- O . OO11 

O . 3081 

- O . 0023 

O . 3178 

- O . O008 

O . 3011 

- O . 0021 

O . 3073 

O . 0034 

O . 1931 

O . O015 

O . 2517 

O . 0075 

O . 2864 

O . 0049 

O . 2780 

O . O016 

O . 2676 

O . 0071 

O . 2882 

O . 0047 

O . 2865 

O . 0027 

O . 2924 

O . OOIO 

O . 2856 

O . 0024 

O . 2987 

O . OOIO 

O . 2954 
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3 The effects of the vanations of the distance between the BF2 
radrcal and the nearest nerghbormg fluorine atom on the spin 
densrtles 

25 

Structure Orbital 
19F 19F 

llB (two equiv~2lentXtwo equivalent) 

R* = 1.3 A 

e = 56" 

c = 90' 

R1 = 1 5A 

Rl = 2.0 A 

R] = 2 5A 

Rl = 2 8A 

S
 P
 

S
 P
 

S
 P
 

S
 P
 

- O . 4017 

- O . 3446 

- O . 4298 

- O . 3374 

- O . 4540 

- O . 3347 

- O . 4639 

- O . 3355 

- O . O003 

- O . 0227 

- O . 0030 

- O . 0522 

- O . 0051 

- O . 0739 

- O . 0057 

- O . 0809 

- O . 0186 

- O . 0853 

- O . 0057 

- O . 0556 

- O . O012 

- O . 0254 

- O . O004 

- O . 0130 

Table. 4 The effects of the vanations of the bond angle of the BF2 radical 
on the spm denslties 

Structure Orbital 

Rl = 2.5 A 

R2 = 1.3 A 

c = 90' 

Rl = 2.8A 

R2 = 1.3 A 

c = 90" 

e = 51' S P
 

e = 56･ S P
 

e = 60' S P
 

e = 65' S P
 

e = 51' S P
 

e = 56･ S P
 

e = 60' S P
 

e = 65･ S P
 

19F 19F 
llB (two equiv~2lentXtwo equivalent) 

- O . 4630 

- O . 3255 

- O . 4540 

- O . 3347 

- O . 4436 

- O . 3450 

- O . 4280 

- O . 3551 

- O . 4735 

- O . 3281 

- O . 4639 

- O . 3355 

- O . 4530 

- O . 3439 

- O . 4372 

- O . 3509 

- O . 0037 

- O . 0699 

- O . 0051 

- O . 0739 

- O . 0065 

- O . 0772 

- O . 0087 

- O . 0790 

- O . 0043 

- O . 0775 

- O . 0057 

- O . 0809 

- O . 0073 

- O . 0836 

- O . 0095 

- O . 0864 

- O . O013 

- O . 0308 

- O . O012 

- O . 0254 

- O . O012 

- O . 0208 

- O . OO11 

- O . 0158 

- O . O005 

- O . 0170 

- O . O004 

- O . 0130 

- O . O004 

- O . OI03 

- O . O004 

- O . 0071 

the boron-centered radical is shown in Fig 

3 (b), on the assumptions that the bond len-

gth, R1' refers to the distance between the 

BF2 radical and the nearest neighboring 
fluorine atom and the unpaired electron is in 

a straight line with the two fluorine atoms 

The plane of the BF2 radical, yz plane, is 
mutually orthogonal with the one containing 

the nearest neighboring fluorine atoms, xz 
plane 

The spin densities for the model of the 
long-range interaction are calculated by the 

INDO-UHF method and effects of variations 
of R1 on the spin densities are tabulated in 

Table 3. As the summary in Table 3 shows, 
both spin densities on the B and F2 nuclei 

increase with the increase of R1' while the 

spin densities on the F1 nucleus decrease : 
this is because the probability of the electron 

ejecting to the F1 nucleus decreases as the 
distance increases. All results are satisfactorily 

obtained. The distance between the BF2 
radical and the nearest neighboring two flu-

orine atoms may be in order of 2.5 to 2.8 
A, because the spin densities on the F2 nu-
cleus in the case of R1 =2 . O A are too small 

in spite of the most suitable value of all spin 

densities on the B nucleus. 

In determining the optimum geometry, the 
total energy was first minimized with respect 

to the distance, R1' and then with the 
distance fixed, the bond angle was optimised 
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The effects of variations of the bond angle, 

O, on the spin densities in the cases of R1 = 

2.5 and 2.8A are tabulated in Table 4 As 
the summary in Table 4 also shows, the spin 
densities on the B nucleus decrease with the 

increase of the bond angle, e, and the decre-

ase of the distance, R1' while the spin 
densities on the F2 nucleus increase with the 

increases of the bond angle and the distance 

From these results, the structure with the 
bond angle of e = 65' and the distance of 
R1 = 2.8 A might be favorable for the boron-
centered radical but a question is raised whe-

ther the bond angle of the BF2 radical 
becomes larger than that of the BF3 molecule. 

Many calculations7) exhibited the bond an-

gle of the BF2 radical to be 130' or less, 

assuming that the stretching and bending 
force constants were the same as for BF3' It 

is natural to yield the best fit in the case of 

O ,480 

O , 460 

i O ,440 

o 420 

**B 

,¥.,~¥ ¥¥ : 

(/) 0'400 
c¥t 

SO o 5S o 60 o ~ ~
 -(1) 
z o ,OIO UJ 

c:a 19F /'x , z -o-

c/' O 'OO 8 o///' z o a: 

h 

/' /X uJ 

J LJJ O ' 006 

Ot004 o'l 

O '002 I~//A' 

O ,OOO 

50 ' 55 ' 60 ' 6S ' 
AN GLE e 

Fig. 4 The variations of the spin densities on the 

B and F2 nuclel wlth the bond angle of 
the BF2 radical. . ; Rl = 2.0 A, A x R 2 5 A O ; R1 = 2.8 A. 

e = 65' because the INDO-UHF calculations 
were carried out in this article, on the basis 

of such the assumption. The bond angle of 
the BF2 radical was deduced to be 112' from 
the analysis of the analysis of the ESR spec-

trum2) and so the bond angle of the BF2 
radical obtained here is much the same as 
1120. Also, the bond length, R2, in the BF2 
radical is expected to become slightly longrer 

than that of the BF3 molecule to keep the 
balance of the geometry and ma~ extend to 
l.4 A. 

To summarize the results in Tables 3 and 
4, the relationship between the spin densities 

and the bond angle, O, is derived and is 
shown in Fig. 4. It is found in this figure 
that increasing the bond angle or decreasing 

the distance tends to decrease the spin den-

sities on the B nucleus and to increase the 
ones on the F. nucleus. In both cases of the 

distance of R1 = 2.5 and 2.8 A, the spin 
densities on the B and F2 nuclei approch the 

observed values as the bond angles, e, become 

larger, respectively. However, as mentioned 
above, the bond angle of the BF.~ radical ou-

ght to become shorter than that of the BF3 
molecule, while the bond length ought to do 

10nger than that of the BF3 molecule. Appe-
arently from the results in Table I and Fi~. 

4, the value of the bond length, R2 = I .4. A, 

offers the best fit results for the structure of 

the BF2 radical and the distance between 
the BF2 radical and the nearest neighboring 

fluorine atom, R1 = 2.8A (just twice as the 
bond length of R2 = I .4 A) is suitable for 
explaining the long-range interaction. Accor-

dingly, the BF2 radical produced in the 
irradiated single crystal of BF3 may be the 
structure with the bond angle of ca. I12' and 

the bond length of ca. 1.4A, and n]ay inte-
ract with the nearest neighboring two fluorine 

atoms in the two BF3 molecule being ca. 2.8 

A from the BF2 radical 

The study like this, though being failed to 

analysis perfectly the structure of the BF2 
radical, can be extended to as many molecules 

with no X-rays data as are need to obtain 
some informations about the molecular pack-
ing, the relative orientations of the surrounded 

molecules, and so on. 

ACKNOWLEDGMENT 
Present author is deeply grateful to Dr. A 



ESR Study of BF2 Radical Produced in a Single Crystal 27 

Hasegawa and Professer M. Miura of Hiro-
shima University for their valuable discussio-

ns . 

REFERENCES 
1) F. W. Patten, Chem. Phys. Lett., 18, I12 

( 1 973). 

2) W. Nelson and W. Gordy, J. Chem. Phys., 51, 
4710 (1969). 

3) K. Sogabe, J. Sci. Hiroshima Univ., Ser. A, 39, 

11 (1975) ; K. Sogabe, A.Hasegawa, T. Komatsu. 

and M. Miura, Chem. Lett., 663 (1975) ; A. J 
Colussi, J. R. Morton, and K. F. Preston, J 
Phys. Chem., 79, 1855 (1975). 

4) J. E. Hesser and K: Dressler, J. Chem. Phys., 
47, 3443 (1967). 

5) J. A. Pople and D. L. Beveridge, "Approximate 

Molecular Orbital Theory" McGraw-Hill, New 
York, (1970) p. 85. 

6) M. Zaucer and A. Azman Croa. Chemica Ac-
ta., 43, 139 (1971). 

7) C. Thomson and D. A. Brotchie Chem. Phys 
Lett., 16, 573 (1972) ; G. M. Zhidomirov and N 

D. Chuvylkin, ibid., 14, 52 (1972) 

8) A. Hasegawa, K. Ohonishi, K. Sogabe, and M 
Miura, Mol., Phys., 39, in press (1975) ; A. Hase-

gawa, K. Sogabe, and M. Miura, ibid., 39, in 
press (1975). 

9) A. Abragan and B, Bleaney, "Electron Para 
magnetic Resonance of Transition lons" Clare-
ndon Press, Oxford, (1970) p. 175 

10) A. D. Walsh. J. Chem. Soc., 1953, 2301. 

ll) H. A. Levy and L. O. Brockway, J. Amer 
Chem. Soc , 59, 2085 (1937) 

12) J. Higuchi, J. Chem. Phys., 50, 1001 (1969). 


