Vol. 6, No. 2, February 1967

agreement with the result of 270 M ~?2 reported here
when one considers that previously published figures
for Bs have differed by a factor of 2 X 107.
It is suggested, therefore, that there is no conclusive
evidence for the existence of the species Bil;~, and
[Bil;*-]

= -1 171
B = L4 (01 X 107 i
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[Bilg~]
[Bil,~][I7]*
[BiI,"}
TBiIs(solv)] 1)

= 2,70 (£0.05) X 102 M2
= 2.6 (£0.1) X 102 M~
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The Raman spectra and supplenientary infrared data are reported for the tetrahedral tetraisocyanate, -isothiocyanate, and

-isoselenocyanate complex anions of the type Zn(NCX),2=, X = O, S, Se.

Vibrational assignments are given. A complete

vibrational analysis and force constant calculation was carried out via Wilson’s F-G matrix method using a general valence

force field. Off-diagonal F matrix elements were included in certain cases.
Se) force constant is observed upon coordination of N~C-X-.

A significant increase in the C-X (X = O, S,
The C-N force constant is less affected. The potential

energy distribution among the symmetry coordinates was calculated for each species and considerable mixing is evident

in the low-energy modes of Zn(NCSe)?~.

Introduction

There have recently been a number of infrared studies
of metal pseudohalide complexes?—® in which assign-
ments were made of the bands occurring below 600
cm~L, In order to put these assignments on a firmer
basis we have obtained Raman spectra and additional
infrared data on zinc complexes of three pseudohalides.
With fairly complete vibrational data in hand, we car-
ried out complete vibrational analyses and force con-
stant calculations for these complexes.

Experimental Section

The anions were studied in the form of their tetracthylam-
monium salts. The preparations of these compounds have been
described previously:  [(CeH;}N]2[Zn(NCO)4,” [(CoHs)N]e-
[Zn(NCS)],* and [(CoHglN]o[Zn(NCSe);].8 The tetraethyl-
ammonium cation was chosen for two reasons: (a) its large size
confers on the compounds a high solubility in organic oxy solvents
(4.e., about 1009, w/w in nitromethane) and (b) it has no ab-
sorption in the 700~100-cm ! region in the infrared. The spectra
were run in organic solvents to eliminate the solvolysis effects
possible in aqueous solutions.

The infrared spectra in the range 3000-200 cm~! were obtained
with a Beckman IR 12 spectrophotometer and in the range 200-
130 cm ™! with a Perkin-Elmer 301 spectrophotometer. Raman
spectra were obtained with a Cary 81 spectrophotometer.

Considerable experimental difficulty was encountered in an
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attempt to obtain the Raman spectrum of the isoselenocyanate
complex, since it tended to decompose fairly rapidly in the tube,
depositing a thin film of a red material (presumably red elemental
selenium or polymeric selenocyanogen) on the walls.

Results

The vibrational frequencies observed are listed in
Table I.

The infrared results for [(CoH;):N J:[Zn(NCO),] were
taken from ref 2, except for »;; which was observed in
nitromethane solution. (The numbering and descrip-
tions of the fundamental vibrations are those of Miller
and Carlson.?) The Raman results were obtained on a
saturated nitromethane solution. The uncertainty
in the position of v; is because of the overlap of »;
and V11,

The data for the isothiocyanato complex are the most
complete of the three ions studied. The infrared and
Raman spectra for Zn(NCS),2~ are shown in Figures 1
and 2. We have not observed any combinations which
might involve the inactive T; modes. The lowest
energy E and T, fundamentals were also not observed;
however, our calculations (vide infra) indicate that
these N-Zn-N bending modes occur at very low fre-
quencies (<40 ecm™'). Some doubt must remain about
the assignments of »; and vy, since the band at 168 cm—?
represents a solid-state infrared measurement. It is
possible that the band at 150 ¢cm—! observed in the
Raman spectrum of a solution is the T, mode (Raman
and infrared active) shifted from its position in the
solid state. However, none of the other T, funda-

(8) F. A, Miller and G. L. Carlson, Specirochim. Acta, 1T, 977 (1861).
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TABLE 1
VIBRATIONAL FREQUENCIES OF THE
TETRAPSEUDOHALOZINCATES (cM™1)e
Zn- Zn- Zn-

(NCO)¢2~ (NCS8)a2~ (NCSe)i2~ Designation® Description
2242 2108 2106 »n Ay C-Nstr
1340 836 664 v A C-Xstr
~330 255 e v3 A;  M-N str
466° e vy E N-C-X def or 8 bend
150 cs Vs E Zn-N-C def or 7 bend
vg E N-Zn-N def
v Ti N-C-X def or 8 bend
AN - Cen vs Ty Zn-N-C def or = bend
2208 20844 2086¢ py; Tp C-N degenerate str
1326 831 661 vie T2 C-X degenerate str
326 285 ~235 vy T2 M-N degenerate str

624 483b¢ 434 viz  Ts N-C-X def or § bend
187 168 165°  w»y Tp Zn-N-C def or = bend

e e vy T2 N-Zn-N bend
e All values are solution measurements in nitromethane unless
otherwise noted. ? Observed in acetone solution. ¢ Solid-state
measturement, ¢ Observed in infrared and Raman spectra.
¢ A; and E modes are Raman active, T; are inactive, and Tp are
both infrared and Raman active,
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Figure 1.—C-N stretching regions of the infrared and Raman
spectra of Zn(NCS8),2™ in nitromethane solution.
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Figure 2.—Low-frequency regions of the infrared and Raman
spectra of Zn(NCS)™ in nitromethane solution (except for the
400-500-cm ~! regions which were recorded in acetone solutions).
Base line gaps indicate cation absorptions.
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mentals shows solid to solution shifts of more than 5
cm~h

The infrared spectrum of the Zn(NCO).2~ ion was
previously? interpreted on the basis of Tq symmetry.
This was because of the lack of splitting of the T, modes.
Recently it has been found® that in the isoelectronic
Zn(N3j)4*~ ion the degeneracy of the Ty modes has been
lifted, presumably because the Zn-N-N angle is con-
siderably less than 180°. The infrared spectra of
Zn(NCS)2~ and Zn(NCSe),2~ resemble Zn(NCO),2~
rather than Zn(N,),*~, and we have therefore assigned
the spectra on the basis of Ty symmetry. Of course,
this is not to say that the Zn-N-C-X groups are rigor-
ously linear. Small deviations might not produce
splittings of the T, modes large enough to be detected
in the infrared spectra.

Calculations.—Vibrational analyses were carried out
for the three ions using the standard Wilson F-G matrix
method.!* The symetry coordinates for a Ta M-
(XYZ), species were obtained and, along with expres-
sions for the symmetry force constants in terms of the
internal valence force constants, have been deposited
with the ADI.}? The meanings of the principal internal
valence force constants are obvious from Figure 3. The
only interaction force constants of importance here for
which the notation is not obvious are those of the type
f'xv,vz and f’xv vz, etc., where the single prime refers
to interactions within the same MXYZ group while the
double primes refer to interactions between different
MXYZ groupings.

The G-matrix elements were calculated by means of
a computer program developed by Schachtschneider.!?
The bond distances used in the computation were: for
Zn(NCO)2—, Zn-N = 2.00 A, N-C = 1.18 A, C-O0 =
1.18 A; for Zn(NCS)2~, Zn-N = 2.00 A, N~-C = 1.15
A, C-8 = 1.75 A; for Zn(NCSe)s3—, Zn-N = 2.00 A,
N-C =115 A, C-Be = 1.T5 A.1*

The secular equation was then solved with a com-
puter program also developed by Schachtschneider.®
The calculation used the Jacobian method to obtain
the best set of force constants for the observed fre-
quencies.

Some assumptions are necessary in solving the secu-
lar determinant, Since the lowest energy E and T,
modes have not been observed for any of the anions,
it is necessary to estimate the E and Ts F-matrix ele-
ments. Both of these modes are essentially N-Zn-N
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Figure 3.—Internal coordinates of M(XYZ),.

bending. Now in Ni(CO), the C-Ni-C bending force
constant is 0.23 mdyne-A/radian?'® and since the
Zn-N bond distance is expected to be longer than the
1.83-A Ni-C distance, a slightly smaller force constant
(0.20) has been assumed in this work. Also it is neces-
sary to estimate values for the off-diagonal N-C, C-X
(X = 0, S, Se) interaction constants since it would re-
quire data from isotopically substituted molecules to
determine these comstants accurately. The free-ion
values of 1.341 and 0.9 mdynes/A for the isocyanate
and isothiocyanate complexes, respectively, have been
taken as reasonable approximations. Unfortunately,
no value is available for the free selenocyanate ion since
the reported study®® of the vibrational spectrum of this
ion did not include isotopic substitution. We have
therefore carried out the calculation on the Zn(NCSe)4*~
ion in two ways: (i) with an estimated f'xc,cse inter-
action constant of 0.5 mdyne/A and (ii) without an
interaction constant, in order to obtain a comparison
with the reported free-ion stretching force constants.
Zn(NCO),2~.—A solution was attempted neglecting
all off-diagonal elements except f'xc,co (f''nc,co being
set equal to zero). Perfect agreement between the
calculated and observed frequencies can be obtained
with the set of force constants (rounded off to two deci-
mal places) listed in Table IT (approximation A). The
distribution of the potential energy among the sym-
metry coordinates is given in Table V and shows that
the original assignments? are correct, although the low-
energy bending modes are considerably mixed, and
therefore the calculated value of F, of T, is not ex-
pected to be very accurate. In this case »3 and wn
appear to be fairly accurately described as metal-

(15) L. H. Yones, J. Mol. Spectry., B, 133 (1960).

(16) A. Maki and J. C. Decius, J. Chem. Phys., 81, 772 (1959).
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TaBLE 11
Force CONSTANTS FOR Zn(NCO)2~
Approx A% Approx B?

fon, mdynes/A 14.435 14,57
fco, mdynes/A 12.61 12.50
fMN, mdynes/A 1.80 1.77
Js, mdyne-A /radian? 0.59 0.59
fr, mdyne-A /radian? 0.24 0.24
fa, mdyne-A /radian? 0.20¢ 0.20°
f'wc.co, mdynes/A 1,35¢ 1.35¢
f’CN,CN; mdyne/A 0.275 0.13
f’co,co, mdyne/A -0.22 0

f’MN.MN, mdyne/A 0.40 037

e This set of force constants reproduces the observed frequen-
cies exactly. & Using this approximation, the following set of
frequencies (cm=—1) was obtained: A;: 2246, 1359, 324; E
(approximate values, see text): 624, 192, 37; T, (approximate
values, see text): 621, 164; T: 2209, 1320, 624, 326, 187, 42,
¢ Assumed value,

nitrogen stretching modes. This solution is not en-
tirely satisfactory because of the comparatively large,
negative f'co,co interaction constant necessary. In
view of the number of bonds separating the C-O bonds,
it is much more likely that f’co,co is negligible. There-
fore a solution was attempted in which Fgo of Ay was
set equal to Fco of T, (approximation B). The force
constants listed in Table II give the frequencies also in
Table IT which are in good agreement with the observed
values.

The values calculated for the E and T; modes were
obtained simply by using the T, F-mattix elements and
therefore must be considered as only very approximate.
The calculated value of »y,, the N-Zn—N bending mode,
is probably a reasonable approximation since changing
fofrom 0.20 to 0.23 mdyne-A/radian? changes the calcu-

. lated value of vy by only 1 em—1,

The principal force constants obtained by both
procedures appear to be reasonable. Comparison of
the C-N and C-O force constants with the reported
values of the free ion are not meaningful since the fre-
quencies of Zn(NCO),2~ have not been corrected for
anharmonicity. If the free-ion values are calculated
without an anharmonicity correctiort, but keeping
f'on,co equal to 1.35 mdynes/A, one obtains fox =
14.99 and fco = 11.01 mdynes/A. Comparison of
these values with fon and fco of the complexed iso-
cyanate indicates a considerable increase in the C-~O
force constant on coordination of the ion.

Zn(NCS), ~—When a solution was attempted
neglecting all off-diagonal F-matrix elements except
f'~no,cs, @ good fit between the calculated and observed
frequencies could not be obtained for the bending
modes. The potential energy distribution (see Table V)
indicates a comnsiderable amount of mixing between 8
and = modes. Therefore a small (0.1 mdyne-A/radian?)
off-diagonal F, interaction constant was introduced.

Perfect agreement between calculated and observed
frequencies could then be obtained with the force con-
stants listed in Table III (approximation A). The
calculated value of f; using this procedure is quite close
to the free-ion NCS bending force constant which adds



342 DenNis ForSTER aND WILLIAM DEW. HORROCKS, JR.

TasLE III
Force CONSTANTS FOR Zn(NCS)2~

Approx A? Approx BY Approx C*
fon, mdynes/A 15.57 15.57 15.63
fes, mdynes/A 5.46 5.46 5.29
fuw, mdynes/A 1.67 1.68 1.68
fo + f'6,8, mdyne-A /radian® 0.57 0.59 0.59
fx + f'r,r mdyne-A/radian? 0.20 0.18 0.18
fa, mdyne-A /radian?® 0.204 0,204 0.204
f'on.cs, mdyne/A 0.90¢ 0.90¢ 0.90¢
f'9,7, mdyne-A/radian? 0.10¢ 0.104 0,104
f'en,on, mdyne/A 0.07 0.07 0.02
fcs,cs, mdyne/A —0.16 —0.16 0.004
f/MN,MN, mdyne-A/radian2 0.40 0.39 0.39
f'’8,6, mdyne-A /radian? 0,018 0.004 0.004
S =, mdyne-A /radian? —0.041 —0.016 —-0.018

¢ This set of force constants reprodiices the observed frequen-
cies exactly. ? This set of force constants reproduces the ob-
served frequencies exactly except for »; = 156 and v;; = 160 cm ™3,
¢ This set of force constants produces the frequencies (cm—1):
Ar: 2108, 855, 256; E: 465, 156, 22; T,: 479, 136; T.: 2084,
811, 483, 285, 160, 29. Values for E and T, were obtained using
the Ty F-matrix elements and therefore were not expected to be
very accurate, ¢ Assumed values,

some justification for the introduction of the =0 inter-
action constant. The other principal force constants
also appear to be quite reasonable but some of the inter-
action constants seem unrealistic. Itismost likely that
J'es and 7"y will be negligible because of the large non-
bonded separations and therefore a solution to the
secular equation was attempted setting Fy~ = F,".
Agreement between the calculated and observed values
was then obtained for all except the E and T 7 bends
for which values of 156 and 160 cm~—! were obtained
with the force constants listed in Table IIT (approxi-
mation B). The value of f; which results is quite close
to the free-ion value of 0.30 mdyne/A which seems
reasonable.

Further as with the isocyanate complex it seems likely
that f'cs,cs will be negligible. Therefore the secular
equation was solved setting Fes™ = Fes™ With this
assumption, the frequencies listed in Table III are ob-
tained with the force constants given (approximation
C).

All of these procedures lead to very similar values for
the principal stretching force constants fon, fco, and
fun~ which is gratifying. The C-N and C-S force con-
stants may be compared with the free-ion values of
15.51 and 4.98 mdynes/A, respectively (calculated from
Jones’ data'” without correcting for anharmonicity and
setting f'nc, cs = 0.9 mdyne/A). The difference be-
tween the C-N force constant for the free and com-
plexed thiocyanate is probably not significant. How-
ever the apparent increase in the C-S force constant on
coordination is probably meaningful and can be rational-
ized in terms of canonical structures. Of the struc-
tures (@) N=C—S—, (b) N=C==S, and (c) "N—C=
S+, Jones!” calculated that form a contributes 719 in
the free ion, and it seems probable that, when an iso-
thiocyanate complex is formed, there will be an elec-
tron drift toward the nitrogen favoring forms b and c.
The . calculated Zn-N force constant is smaller than
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in the isocyanate complex. However we do not attach
much significance to this difference. Thus the calcu-
lated Zn~N stretches are only 5 and 10 em™ too high
for the A; and T, modes, respectively, if one uses the
isocyanate force constant values. It seems likely that
the difference arises mainly from differing amounts of
coupling between the Zn-N and C-X stretching modes.
In order to obtain an idea of the magnitude of this
coupling in the isothiocyanate complex, the secular
equations were solved using the isocyanate values of
fux and fuxux and varying Fuuncs™ and Fzax,os™
to obtain agreement with the observed values. Good
agreement between the calculated and observed fre-
quencies could be obtained with f'zuancs = —0.265
and f''zan,cs = 0.106 mdyne/A. These interaction
constants seem quite reasonable in view of the mixing
evident in the potential energy distribution (see Table
V).

Zn(NCSe)2~-—This is the least satisfactory case
of the three ions studied. Of course the experimental
data are less complete, but, apart from this, it rapidly
became obvious during the course of the calculations
that several off-diagonal elements would be neces-
sary in order to reproduce the observed frequencies.

It appears to be essential to have an off-diagonal fj .
interaction constant of about 0.15 mdyne-A/radian.?
It is then possible to reproduce the observed bending
mode frequencies with a value of f; about the same as the
free-ion value of 0.25 mdyne/A.’® The force constants
in Table IV yield the frequencies listed.

TABLE IV

Force ConsTaANTS FOR Zn(NCSe),2~

Approximation A®

fox = 15.67 mdynes/A Ju = 0.20 mdyne-A/rad-
ian? (assumed value)
fese = 4.065 mdynes/A Flor = 0.15 mdyne-A/rad-

ian (assumed value)
flewiege = 0.50 mdyne/A
(assumed value)

fix = ~1.5 mdynes/A

fo = 0.52 mdyne-A/ floxyen = 0.06 mdyne/A
radian?

fr = 0.28 mdyne-A/ f'esecie = —0.245 mdyne/A
radian?

Saxoun = 04 mdyne/A  (as-
sumed value)

2 Using this approximation the following set of frequencies
(em™1) is obtained: A;: 2106, 664, 166; E: 434, 175, 17; Ti:
427, 149; Ty: 2088, 652, 433, 244, 152, 22, The values for E and
T: are rough estimates only; the corresponding T» F-matrix ele-
ments were used for the E and T; blocks.

An unrealistically large f, force constant would be
required to fit the observed value of 165 cm~! for the
w-bending mode. This probably arises because there
is appreciable interaction between the T, M~N stretch
(v11) and the Ty 7 bend (v13) as evidenced by the poten-
tial energy distribution (Table V). In order to deter-
mine the effect of this interaction we have introduced
an off-diagonal Fyx,, interaction constant of 0.1
mdyne/radian which is the same value as that used in
Ni(C0O)4* The main difference from the frequencies
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TABLE V
PotenTIiaL ENERGY DI1sTRIBUTION (IN PER CENT)

zn(Nco);  caleulated from force constants in Table IT (Approx. B)

Ay £ T2
149 Va2 vs Ve Vs Ve Vg Vio Viy Viz  Vig Vig
Yow,cn & BT iT 30 N
Vao,co % 5 1 3 ;; 1
- 11
Ven, oo 10 7 % 1 . .
c
Vyan 20 29 & 10 5
Vg 8 8L 1k 2 2 8k 13 2
Vﬂ).,, i3 51 b 3 15 53 29
f .
1 26 [
Va,a 1035 6k 5 9
Za(NCS )i.‘ caleulated from force constants in Table ITI {Approx. C)
Vi Va Va Vo Vs Ve Vs Vio Yu V2 Via Vig
Vow, o 93 2 7 ok 85 3 .
Vcs,cs 10 76 1h 11 2 7
Vow,cs - 2 2 -6 3 1 ]
3 1
- 380 17 1 on 75
e 8 109 3 2 100 6
Vg 19 37 ST Lo2r W 38
"eln 30 7 -2 -29 9 2
P
X 8 2 1 60
Vg 2 53 s 3
zn(Nese);  calculated from force constants in Table IV
Vi Va2 Vs Yy Vg Vo Vg Vio Vi Viz Vis  Vig
VCN,CN ol 7 b 3 3 1
Vose, cse 6 e 33 8 7 10 5
- 2
Vaw, uye > 5 : . .
Vi o ER o 9 3 1
A/ 106 12 6 106 6
9,0
Va,n Ly 35 4o 10 46 31 33
R 5 55 1 1
Yo,n 53 15 1 6 55
v 3 3 59 16 3 16 65

calculated by approximation A is that vy and vy are
moved to 233 and 160 cm—, respectively.

The approximations described above used a C-N,
C-Se stretch-stretch interaction constant which was
essentially a guess but which gives a reasonable C-N
force comstant in comparison with the isothiocyanate
complex. If the calculation is carried out without this
interaction constant, one can fit the observed frequen-
cies fairly well with fox = 15.08, flon,on = 0.075,
ofse = 4.29, and fose,0se = —0.31 mdyne/A, with the
other force constants remaining as in Table IV, These
C-N and C-Se force constants can be compared with
the calculated®® free-ion values of 15.10 and 3.88
mdynes/A, respectively. The C-N force constants
both for the free and complexed ion, calculated without
an f'on,cse interaction are appreciably less than the
C-N force constant of the free or complexed thiocyanate
ion. In view of the fact that the C-N stretching fre-
quencies for both the free and complexed selenocyanate
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ion are almost coincident with the corresponding values
for thiocyanate, this is not reasonable. Infact the C-N
force constant in the selenocyanate should, if anything,
be slightly greater than that in the thiocyanate ion,
It is for this reason that we have included a stretch-
stretch interaction in the calculation indicated in
Table IV.

The Zn-N force constant obtained is less than in the
isothiocyanate complex. However the value must not
be regarded as very accurate because we have not in-
cluded the f'znNn, OF f'cse,znn interaction comnstants al-
though the potential energy distribution (Table V)
indicates appreciable mixing between i, »y1, and vy
in the T, block. This problem is much more important
in this case than in the cyanate case because now the five
lowest T, fundamentals are much closer together in
energy.

Conclusions.—In all three cases treated there appears
to be an increase in the C-X force constant upon co-
ordination. According to the canonical structures
given for NCS~ (vide supra), this should be accompanied
by a decrease in the CN force constant. This has been
observed for the isocyanate complex but not for the
other complexes. This may be connected with the
lack of an off-diagonal f'yun,cn interaction constant.

The metal-nitrogen stretching force constant of Zn-
(NCO),*~ is probably the most reliable of the three ions
studied, since the potential energy distribution indi-
cates that the description of “metal-nitrogen’ stretch
becomes less adequate as the pseudohalide becomes
heavier. Thus for the isoselenocyanate complex, in
particular, an accurate metal-nitrogen force constant
could be obtained only if several off-diagonal elements
were known. Nevertheless, it appears safe to say that
the zinc-nitrogen force constant in the complexes
studied is slightly higher than the zinc—carbon force
constant (1.30 mdynes/A) in Zn(CN),2—.1
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