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sidered as estimates. The lower reactivity of the 
ammine complex is due to unfavorable activation 
enthalpy. This is consistent with a degree of bond 
breaking being important for the aquoammine com- 
plex. The difference in reactivity of the aquocyano 
complex with bromide and chloride, however, suggests 
that  the entering ligand also plays a role in activation. 
The associative interchange mechanism thus may pro- 
vide the best overall picture of the process. 

The third-order rate constant for reaction 2 re- 
ported previously is 1.2 X lo5 sec-' a t  25' and p = 
1 M ,  somewhat lower than that reported here. The 

reason for this difference is not known. There are few 
additional data for comparison with the water-replace- 
ment rates reported here since many platinum(1V) re- 
actions proceed by redox pathways involving platinum- 
(11) . g  This type of path appears excluded here because 
of the presence of excess bromine and, therefore, a very 
low concentration of platinum(I1). 
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The vibrational spectrum of B-trifluoroborazine, (-BF-NH-)a, has been investigated and an assignment of fundamentals is 
proposed. The data are supported by a study of the infrared spectrum of (-BF-ND-)a and compare favorably with a nor- 
mal-coordinate analysis of B-trifluoroborazine, The effect of boron-bonded fluorine on the electronic structure of the bor- 
azine ring is discussed. 

Introduction 
Recently, the vibrational spectra of borazine2s3 and 

some B-trihalob~razines~ were reinvestigated. The 
results of these studies suggested a smaller BN force 
constant than previously reported for b ~ r a z i n e s ~ - ~  and 
also indicated that chlorine or bromine substitution a t  
the boron sites exerts little or no mesomeric or inductive 
effects on the borazine ring system. Therefore, it  
seemed appropriate to extend this study to include the 
B-trifluoroborazine molecule. In this latter compound 
inductive effects should be most pronounced if they 
play any significant part in the nature of the BN ring 
bonding of borazines. 

The structure of B-trifluoroborazine has been studied 
by electron diffraction8 and by X-ray a n a l y ~ i s . ~  The 
infrared spectrum in the sodium chloride regionlo and 
the Raman spectrumll have been reported previously 
and these spectral data are in agreement with the re- 
sults of the present investigation. 

In  the present work the infrared and Raman spec- 
tra of B-trifluoroborazine and the infrared spectrum of 
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its N-perdeuterated derivative are reported and assign- 
ments of the fundamental modes of vibration are sug- 
gested. The latter are in consonance with the results 
of a normal-coordinate analysis which also illustrates 
significant coupling of vibrations involving motions 
of the BF group. 

Experimental Data 
B-Trifluoroborazine, (-BF-NH-)a, was prepared by the reac- 

tion of B-trichloroborazine with titanium tetrafluoride.I2 The N- 
perdeuterated compound was obtained from the dehydrofluori- 
nation of FIB. NDa.la 

Infrared spectra were recorded on the gas phase (10-cm cell 
with cesium iodide windows a t  autogeneous pressure and am- 
bient temperature) and the solid material with a Perkin-Elmer 
Model 621 infrared spectrometer using cesium iodide windows. 

The Raman spectrum of B-trifluoroborazine was obtained from 
the solid and from a solution in carbon disulfide with a Cary 
Model 81 Raman spectrometer and with a Jarrell-ilsh double 
monochromator usipg a Spectrophysics 50-mW He-Ne laser 
operating a t  6328 A as the exciting device. In all cases the 
listed frequency values are the averages of several recordings 
and the instruments were operated a t  normal conditions. 

Computer calculations were performed on an IBM 360-65 
computer a t  the University of Kentucky Computing Center. 
The programs, which use the Wilson FG technique14 for setting 
up the vibrational secular equation, were written by Schacht- 
schneider .16 

Assignment of Fundamentals 
In analogy to  borazine, the B-trifluoroborazine mole- 

cule can be assumed to be planar and having &, sym- 
metry. Recent X-ray workg has illustrated, however, 
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that solid B-trifluoroborazine has more than one 
molecule per unit cell and has a low site symmetry of 
C,. This event may cause deviation from the selec- 
tion rules for a D3h model in the solid-state spectra and 
splitting of degenerate fundamentals can be expected. 
However, there is little spectral evidence for such an 
occurrence and it appears that solid B-trifluoroborazine 
consists of only weakly interacting molecules. This 
assumption is supported by the relatively high vapor 
pressure of the solid. 

In the present work assignments of fundamentals 
were made on the basis of a D 3 h  model according to the 
representation 4 AI‘ + 3 A2’ + 3 A,” + 7 E f  + 3 E” .  
The observed spectra are listed in Table I. 

TABLE I 
VIBRATIONAL SPECTRUM OF B-TRIFLUOROBORAZINE~ 

(-BF-NH-) 8------- ---- 
Raman, solid 

3440 vs 

1500 w 

1350 

1298 vw 
1210 U’ 

1130 m 

927 vw 
863 s 

820 wm 

718 vw 

630 w 
551 vs 

438 ms 

375 w 

300 w 
178 m 
147 vw 

Ir, solid 

3445 ms 

1524 sh 
1512 sh 
1495 vs 

1397 w 

1307 vw 

1207 w 

1139 ms 

915 m 

850 w 

755 w 
731 sh 
725 s 
717 s 

438 s 

335 m 
293 s 

Ir, gas 

3478 ms 

1524 sh 
1512 vs 
1506 vs 

1396 m 

1328 wm 

1137 ms 

921 wm 

741 m 
738 s 
729 s 
721 sh 

691 mw 
671 sh 
661 m 
654 sh 

435 vw 

336 vw 
289 vw 

(-BF-ND-)a 
Ir, gas 

3480 vw 

25i8 ms 
1506 sh 
1501 sh 
1491 vs 
1474 vs 
1401 sh 
1391 wm 
1362 w 

1159 vw 

1119 vw 
1025 m 
934 vw 

776 vw 
733 sh 
729 ms 
723 sh 
718 ms 
715 sh 

622 vw 
493 sh 
486 m 
484 sh 

425 vw 

301 vw 

a Frequencies in cm-’. Key: w, weak; m, medium; s, 
strong; v,  very; sh, shoulder. 

Species AI’.-The identification of VI, v3, and v4 

poses no problems and these modes can readily be 
assigned on the basis of the observed spectra. Three 
strong Raman lines appear a t  3440, 863, and 551 cm-’, 
respectively, in consonance with earlier work. l1 In 
contrast, the assignment of v2 is difficult to accomplish. 
Previous data4 suggest that v2 of B-trichloroborazine 
occurs a t  1350 cm-I and, therefore, assignment of vz to 

the weak Raman line observed in the spectrum of 
B-trifluoroborazine a t  this same frequency is unlikely. 
This assumption is also supported by the fact that fre- 
quency calculations indicate that v2 of B-trifluoro- 
borazine should be observed near 1500 cm-I; conse- 
quently, v:! has not been assigned in the present work. 

Species A,” .-In the spectrum of B-trifluorobor- 
azine all A,” fundamentals should occur below 1000 
cm-l. Moreover, vibrational bands of species A,” 
should exhibit a PQR structure with a prominent Q 
branch. These criteria suggest the assignment of the 
729-cm-l infrared band as an A%” mode. A structure 
similar to the 729-cm-l band is exhibited by the 
661-cm-I absorption, the latter shifting to 486 cm-1 
upon deuteration a t  the nitrogen sites of the molecule. 
The remaining Asff  frequency, ulo, was not observed. 
The calculated value for U I O ,  122 cm-’, indicates that  
this mode should occur below the spectral range of the 
present study. 

Species E‘.-On the basis of a D a h  model, the seven 
E’ fundamentals should be infrared and Raman active. 
Previous studies on borazines have shown that the 
Raman intensities of E’ modes are frequently quite 
low. 

The assignment of v11 of B-trifluoroborazine can be 
made without difficulty to the infrared band observed 
a t  3478 cm-l. This band shifts to 2578 cm-1 upon 
deuteration a t  the nitrogen atoms. A major result of a 
previous study of borazine2 resides in the reassignment 
of the highest BN stretching fundamental to 1465 cm-1. 
In the infrared spectrum of B-trifluoroborazine several 
bands are recorded in the 1500-cm-I region of which 
the 1506-cm-‘ band has a definite counterpart in the 
Raman spectrum of the material. The second BN 
stretching mode, V13, is assigned to the infrared line of 
medium intensity observed a t  1396 cm-l. The 
Raman line a t  1350 cm-I might be interpreted as the 
counterpart to the latter although the frequency dif- 
ference of 46 cm-l appears to be somewhat large. 

The significant frequency shift of the 1137-cm-l in- 
frared band to 1025 cm-l upon N-deuteration suggests 
assignment of this vibration to a 6” mode. However, 
an even larger shift is observed for the infrared line a t  
921 cm-l which has a counterpart in the spectrum of 
(-BF-ND-)3 a t  718 cm-’. Consequently, these bands 
are assigned to v14 and vl j ,  respectively. Both involve 
motions of the nitrogen atoms, a factor which is clearly 
substantiated by the potential energy calculations. 
The latter also clearly reflect strong mixing of VBF(E’) 
and 6”(Ef) and suggest that the 1137-cm-1 band has 
more vBF character. 

The assignment of v18(8 ring) is made on the basis of 
simultaneous observation of a Raman line and infrared 
band near 435 cm-1. The potential energy distribution 
indicated that this mode involves 82% ring deforma- 
tional character. The assignment of 6 ~ f ( E ’ )  a t  289 
cm-’ is supported by the observation of an absorption 
of similar band shape in the spectrum of (-BF-ND-)3 
a t  301 cm-I. The calculated potential energy distri- 
bution indicates that this mode is comprised of 7570 
6 ~ p  character 

Species E” .-Due to the fact that the Raman spectrum 
of B-trifluoroborazine is of low quality by nature since 
the material is solid under normal conditions, certain 
Raman lines may have escaped detection. However, 



B-TRIFLUOROBORAZINE Inorganic Chemistry, VoZ. 10, No. 9,  1971 1919 

frequency calculations indicate about where the bands 
should appear in the Raman spectrum. The highest 
E” fundamental, V18, is assigned to the medium-intensity 
Raman line at  820 cm-l. This assignment corresponds 
with the assignments of the same mode in other B-tri- 
haloborazines. 

There are two Raman lines, observed a t  630 and 300 
cm-1, respectively, available for the assignment to v19. 
On the basis of the frequency calculations v19 is assigned 
to the line of higher frequency since a frequency of 
300 cm-l is too low to be considered as ~NF(E”)  vibra- 
tion. Finally, V P O  is assigned to the Raman line ob- 
served a t  178 cm-l. (See Table 11.) 

TABLE I1 
CALCULATED AND OBSERVED FREQUENCIES OF 

B-TRIFLUOROBORAZINE (CM-1)  

Species ,-- (-BF-N H-) SI- --(-BF-N D-) a--- 
(activity) Obsd Calcd A P  Obsd Calcd Avb 

Ai’ (R) ~1 3440 3469 29 . .  . 2566 
uz . . . 1474 . . . 1460 
ug 863 851 12 . . . 82 1 
u4 551 539 12 . .  . 539 

un 661 664 3 486 511 25 
UlO . . . 122 . . .  121 

u1z 1506 1514 8 1474 1477 3 
~ 1 3  1396 1406 10 1391 1386 5 
~ 1 4  1137 1130 7 1025 1038 13 
U ~ F ,  921 909 12 718 721 3 

817 289 297 8 314 297 17 

Az“ (ir) ug 729 756 27 729 712 17 

E’ (R, ir) u11 3478 3466 12 2578 2556 22 

U16 435 435 425 427 2 

E” (R) ~ 1 8  820 784 36 . . . 617 
uig 630 618 11 , . .  551 
vpo 178 153 25 . .  . 144 

Average error 11.9 cm-l. Average error 14.5 cm-l. 

Normal-Coordinate Analysis 
In the present work all bond angles were taken to be 

120°, and the experimentally determine: bond dis- 
t a n c e ~ ~  are BF = 1.34 A and BN = 1.43 A;  NH was 
taken to be 1.02 A.3 

In previous work on borazine3 and (-BC1-NH-)3 and 
(-BBr-NH-)3,4 interaction force constants were in- 
cluded in the final force field only after testing the 
significance of their contribution to the potential energy 
function which is presented by 

where U is the potential energy, N is the number of 
internal coordinates belonging to an equivalent set, 
K is the force constant, and p is the internal coordinate. 
This procedure is laborious and requires a number of 
least-squares adjustments on the modified force field 
under consideration. However, since the final force 
field used in previous work on B-trihalob~razines~ 
did not yield a satisfactory fit with the experimental 
data of B-trifluoroborazine upon least-squares adjust- 
ment when transferred, a modified force field was con- 
structed by a regression procedure. In the least- 
squares adjustment, the weights were set equal to 
1 / X  where X is the observed frequency being fitted. 
The final force field utilized in the present work is 
reflected in Table 111. Numbering of atoms and the 
construction of internal coordinates are illustrated in 
Figure 1. 

NQ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 

17 

18 

19 
20 
21 
22 

23 

TABLE I11 
FORCE CONSTAXTS OF TRIFLUOROBORAZINE5 

Description Value 

A. Valence Force Constants 
B-N str 
B-F str 
N-H str 
Planar B-F bend 
Planar N-H bend 
NBN ring distortion 
BNB ring distortion 
Nonplanar B-F bend 
Nonplanar N-H bend 
B-N torsion 

5.2307 
5.2260 
6.5876 
0.9013 
0.3721 
1.6246 
1,1547 
0.4410 
0.2984 
0.2092 

B. Interaction Force Constants 
B1-B2 str-N2-B3 str 0.6386 
B1-N2 str-B1-N6 str 1.0426 
Bl-NZ str-B3-N4 str - 0.4146 
B1-N2 str-B4-N6 str -0.4242 
Planar NzBIF bend-planar NGBIF -0.1077 

Planar BINZH bend-planar B3N2H -0.1922 

N2B1Ne ring distortion-B1N2B3 ring 0.1948 

N2B1N6 ring distortion-N2B3N4 ring 0,2455 

NGB1 str-B1-F str 1.0319 
B1N2 torsion-nonplanar B1-F bend -0.0353 
BIN2 torsion-nonplanar NZ-H bend - 0,0954 
Nonplanar B1-F bend-nonplanar - 0.0087 

bend 

bend 

distortion 

distortion 

N2-H bend 
BIN2 torsion-N2B3 torsion - 0.0424 

Estd 
errorb 

0.0979 
0.0000 
0.0000 
0.0000 
0,0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0,0000 

0,0000 

0.0000 

0.0000 

0.0000 
0.0000 
0.0029 
0.0000 

0.0000 
a Stretchings in mdyn/A; bendings in mdyn A/radianZ; 

stretch-bend interactions in mdyn/radian. Error estimates 
were obtained from the force constant matrix resulting from the 
theory of least squares.16 

Q 
Figure 1 .-Internal coordinates of B-trifluoroborazine. 

The calculated potential energy distributions are 
listed in Table IV. Frequency assignments given in 
the preceding section of the present work are consistent 
with these data when the fundamentals are assigned 
to the major contributing internal coordinates, 

It should be noted that the BN force constant is 
about the same as that reported for the parent borazine.3 
Hence, it seems that the highly electronegative fluorine 
produces little or no mesomeric or inductive effects on 
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Planar 7 -N-H str-- 
modes H D 

AI’ V I  0.99 0 96 
V 2  0 . 0 1  0 .02  
v3 0 . 0 1  0.02 

. . .  , . .  VP 
E‘ ~ 1 1  0.99 0.96 

V I 2  . , , . . .  
vl3 0 .01  0.02 
V14 t , , 

V I 5  . . . 
V I 6  , , , 

817 . . . 

Nonplanar modes 

Az” U S  

V!l 

v10 
E” vi8 

VI9 

v20 

h’onplanar 
modes 

Az” V 8  

V Q  

v10 
E” V I 8  

VI0 

UP0 

TABLE IV 
POTENTIAL ENERGY DISTRIBUTION OF (-BF-NX-)3 (X = H, D )  

,--B-F str-.. --B-N str-- 
H D H D 

. . .  . . .  . . .  . . .  
0.46 0 .48  0.07 0 .08  
0 .25  0.23 0 .68  0 . 6 6  
0.37 0.37 0 . 2 5  0 . 2 5  
. . .  . . .  . , . 0 .01  

0 . 2 3  0 .29  0 . 4 5  0 . 5 3  
0 .01  0 . 0 3  0.74 0.72 
0 .44  0 . 5 1  0 . 0 1  0 .13  
0 .15  0 . 0 1  0 .39  0 . 2 1  
0 .21  0 . 2 1  0.12 0.12 
0 . 0 1  0 . 0 1  0 .21  0 .21  

F-BF wag----. 
H D 

0 .33  0 .83  
0 .58  0.07 
0.16 0.16 
0 .07  0.59 
0 .83  0 . 3 3  
0.12 0 .12  

--NH-BF interaction----. 
H D 

0.06 0.07 
-0.01 -0.02 
-0.01 -0.03 

0.01 0 .03  
. . .  -0.02 
. . .  . . .  

B-F N-H NBW BNB 
planar bend Dlanar bend ring distortion ring distortion 

D H D H D H D H 

. . .  
0.07 
0 .03  
0.02 

0.04 
0.20 
0 .01  
0 .01  
0 .15  
0 .75  

. . .  

. . .  
0 .06  
0 .03  
0 .02  

0 . 0 5  
0.20 
0.02 
0 . 0 1  
0 .15  
0.76 

. . .  

, . .  
0 .03  
0 .01  
0 .01  

0 .26  
0 . 0 2  
0 .48  
0.26 
0.06 

. . .  

. . .  
- - - - - - P I T H  wag---- 

H D 

1 .34  0 .68  
0 .03  0 .73  
0.64 0 . 6 0  
1 .16  0 .70  
. . .  0.52 

0.22 0.16 

--BF-torsion interaction----. ,- 
H D 

-0.21 -0.51 
-0.32 -0.02 
-0 ,90  -0 .90  
-0 02 -0 .08  
-0.08 -0.01 
-0.27 -0.27 

the boron-nitrogen ring. A similar conclusion was 
reached in a study of B-trichloroborazine and B-tri- 
bromoborazine. Although the spectrum of B-tri- 
fluoroborazine on comparison with other borazines is 
different enough to suggest that  fluorine atoms during 
molecular vibrations could affect the electronic struc- 
ture of the borazine ring, this conclusion is not sup- 
ported by the present data. 

Discussion 
The BN stretching mode of B-trifluoroborazine re- 

corded at 1505 cm-1 presents the highest such fre- 
quency observed for any borazine. However, this 
event cannot be constructed to imply a BN bond 
order significantly larger than that in other borazines. 
Rather, it  merely reflects sizable coupling of BN modes 
with BF vibrations which is evident from the potential 
energy distribution of various fundamentals of the 
B-trifluoroborazine molecule. Indeed, the BN stretch- 
ing force constant of the latter is even smaller than 
that of borazine. In Table V the force constants of 
borazine and three boron-halogenated derivatives 
thereof are listed. These data correlate favorably and 
seem to indicate that inductive effects of halogen on the 

. . . 0 . 0 1  . . . 0 . 0 1  
0 .03  0.24 0 . 2 3  0.17 
0 .01  0.11 0.12 0 .08  
0 . 0 1  0.09 0.09 0.06 

0.12 0 . 1 5  0 . 1 8  0 .02  
0 .02  . . , . . .  0 . 0 8  
0.17 0.06 0.02 0 .03  
0 . 7 1  . .  . 0 . 0 1  0.02 
0.04 0.44 0 . 4 5  0 . 3 7  
. , . 0 .01  0 .01  , , , 

. . .  . . .  , . .  . . .  

--BX torsion-- 
H D 

0 .53  1.26 
0.79 0 .05  
2 .21  
0.09 

2.22 
0 .41  

0 .38  0.06 
1 . 3 2  1.32 

-“-torsion interaction-- - 
H D 

-0.14 -0,34 
-0.22 -0.02 

0.20 0.20 
-0.02 -0.14 
-0.16 -0.04 
-0.12 -0.11 

0.16 
0.09 
0.06 
0 .01  
0 . 0 3  
0.06 
0.04 

0 . 3 8  
. . .  

-Torsion-torsion interaction- 
H D 

-0.91 -1.00 
0 .16  0 . 2 1  

-1.28 -1.24 
-0.30 -0 50 

-0 ,50  -0.44 
0.02 0 16 

TABLE V 
FORCE COSSTAST COXPARISON OF 

BORAZINE A S D  B-TRIHALOBORAZISES 
Force 

constant 
no.a (BHNH)s’ (BFI\”)a (BCINH)aC (BBrP;H)aC 

1 5,4623 5.2307 4.9052 4.8561 
2 3.3499 5.2200 3.9159 3,2890 
3 6.6677 6.5876 6.50% 6.5122 
4 0.5544 0.9013 0.9397 0.8823 
5 0.4592 0.3721 0.3271 0 I 3454 
6 1 ,3450 1,6246 1.2242 1.4178 
7 0.9085 1,1547 1,2000 1.1709 
8 0.5170 0,4410 0.2216 0.2284 
9 0.3316 0.2984 0.2846 0,2793 

10 0.2325 0.2092 0.3105 0.3633 
a For  description, see Table 111. From ref 3. From ref 4. 

electronic structure of the borazine ring are relatively 
minor. This conclusion is also substantiated by the 
frequency trends of comparable vibrations of borazines 
which, in general, are readily interpreted in terms of 
mass effects 
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