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Infrared Studies on the Thiocyanate Ion and its Complexes
with Palladium (IT)
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The frequencies and the integrated absorption intensities for the
stretching vibrations of the thiocyanate group in NaSCN and various
mixed thiocyanato complexes of palladium(II) have been measured.
A normal coordinate analysis of these vibrations has been carried
out for the thiocyanate ion in order to relate the measured intensities
to dipole moment changes with a stretching of an individual bond.
The high values of du/dr indicate a large contribution from the
“delocalization moment”.

The spectral data have been used to distinguish between the bond
types Pd—SCN and Pd—NCS. The dependence of the bonding on
the nature of the other ligands in the mixed complexes is discussed.

t has been known for many years that infrared spectroscopy presents a
good method for determination of the mode of bonding between a metal
ion and the thiocyanate ion. The linear triatomic ion SCN™ has four normal
vibrations, of which two are degenerated. They are all infrared active. On
coordination, all these shift frequencies and the shifts are characteristic of
the mode of bonding. The vibrations may be described approximately as a
C—N stretch (v.y), a C—S8 stretch (vy), and a S—C—N bend (Jgy)-
Their frequencies are found in the following ranges: v 1950 —2120 cm™!
(generally above the value of the “free” thiocyanate ion, 2060 — 2070 cm™,
but below 2100 em™), v 760—880 em™1, i 450 —490 cm~! for the N-
bonded group and ». 2080—2130 cm™, y.q 690 —720 cm™l, g 400—440
cm™! for the S-bonded group. As may be seen there is often an overlap of the
Yoy for the two types of bonding.
The behaviour of all but one of the frequencies can easily be explained by
regarding how the contributions of the three resonance structures?!

N=C—S" (a) “N=C=S (b) =N-C=S*(c) (1)
71 9, 12 9, 17 %

would be changed upon coordination.?® The only unexpected frequency shift
is towards higher frequencies usually shown by the C— N stretch in N-bonded
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complexes. This fact is commented upon elsewhere 3 with reference to the work
of Porai-Koshits ef al. However, vy values also well below that of the ‘“free”
thiocyanate ion have been reported, namely 1963 —1980 cm—! for HNCS 5,6
and around 1990—1980 cm™ for the N-bonded hexathiocyanates of Zr(IV),
Hf(IV)? and Nb(V), Ta(V).8 In these cases it is probable that the electron
redistribution effect, caused by a high covalency, is great enough to cancel
out the positive frequency shift predicted from the model of Porai-Koshits
et al.t i.e. one with little or no change in the force constants of the C—N and
C—S8 bonds for the N-coordinated thiocyanate ion relative to that for the
“free’ ion.

Besides the frequency shifts, the intensity of the C—N stretching vibra-
tion has been developed as a criterion of the bonding type.2%-!* The intensity
criterion says, roughly, that the integrated absorptions for the N-bonded
complexes are larger and for the S-bonded ones smaller than the same quantity
for the ¢“free’” thiocyanate ion. The technique was first limited to compounds
which can be dissolved in a suitable solvent without dissociation or formation
of mixed complexes. Later, the procedure was extended to solid samples?
and it was found that the solid state technique (KBr-disks), in spite of some
loss of accuracy, could also be used to distinguish between N- and S-bonded
thiocyanato complexes. Bailey et al.? have recently reported successful meas-
urements on the solid state intensities with a somewhat modified method.

It was found *® that metals of class a (as classified by Ahrland, Chatt and
Davis 14) generally are bonded to the thiocyanate ion via the nitrogen atom,
whereas class b metals are bonded via the sulphur atom. However, Turco
and Pecile 15 found that in mixed complexes of such typical b-metals as pal-
ladium(IT) and platinum(II) the mode of bonding depends upon the nature
of the other ligands present. They suggested that the M —SCN bond usually
is the most stable with these metals because of the zm-bonding contribution
caused by a back donation of electrons from the filled nonbonding d-orbitals
of the metal to vacant orbitals located on the sulphur atom of the thiocyanate
ion. But when strong m-acceptors, as for example tri-substituted phosphines,
are introduced into the complex, the z-bonding contribution to the M —SCN
bond is reduced and in such a case a M —NCS bond may become energetically
more favourable. As a consequence of this one would expect a critical value
in the m-acceptor strength for which the energy difference between the S- and
N-bonded isomers is small enough to permit isolation of both isomers by an
adjustment of the conditions of preparation. Subsequently, Burmeister and
Basolo 16,17 could prepare the first thiocyanate linkage isomers Pd[As(CgHj)s],-
(NCS), — Pd[As(CgH;)3]o(SCN), and Pd(bipy)(NCS), — Pd(bipy)(SCN),.

Because of the frequent overlap of ». for the N- and S-bonded thiocyanate
groups in these complexes, the type of bonding is usually determined on the
basis of the position of ».g and Jgy 7?° but also some examples of the
application of the intensity criterion are available.3,11,20

In a previous paper® was discussed how the increase and decrease of the
intensity of the C—N stretching vibration for the N- and S-bonded species,
respectively, as compared with the ‘“free” ligand, could be rationalized from
a simple valence bond picture, using a fixed charge model. Attention was also
drawn to a breakdown of the simple model when there is a large redistribu-
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tion of the electron cloud upon coordination (strongly covalent bonding).
In this work, the intensity measurements have been extended to the C—S
stretching region as this vibration seems to be more readily influenced by the
degree of interaction between metal and the thiocyanate ion than the C—N
stretching vibration.

EXPERIMENTAL

Preparation of the complexes. Palladium(II) complexes of the general formula PdL,X,
and PdLX,, where X is NCS or SCN and L various mono- or bidentate organic ligands,
have been prepared. The following ligands are used: Triphenylphosphine (Ph,P), tri-
isopropylphosphine [(i-Pr);P], tributylphosphine [(n-Bu);P], triphenylarsine (Ph,As),
triphenylstibine (Ph;Sb), pyridine (py), 4-nitropyridine, 4-cyanopyridine, 4-benzoyl-
pyridine, methyl isonicotinate (i-nicotin), 4-acetylpyridine (4-Acpy), isonicotinaldehyde
or pyridine-4-aldehyde (4-CHOpy), 4-benzylpyridine, y-picoline or 4-methylpyridine
(4-Mepy). 4-aminopyridine, 2,2’-bipyridine (bipy), 4,4’-dimethyl-2,2’-bipyridine (4,4’-
dimethylbipy), 1,10-phenanthroline (phen), 5-nitro-1,10-phenanthroline (5-nitrophen),
5,6-dimethyl-1,10-phenanthroline (5,6-dimethylphen), thiourea (tu), and ethylenethiourea
(etu). All these ligands except 4-nitropyridine are commercially available. 4-nitropyridine
was prepared from 4-nitropyridine-l-oxide according to the procedure described by
Ochiai.?

The complexes were prepared by mixing alcoholic solutions of 1 mmol of Na,Pd(SCN),
and the stoichiometric quantity of ligand. Mostly, the complexes precipitated immedi-
ately but in some cases stirring for a period of time was necessary. Then they were
filtered, washed with alcohol and ether and dried in vacuo over phosphorus pentoxide.
All chemicals used were of analytical grade. The preparation of the linkage isomers
Pd(AsPh;),(NCS), and Pd(AsPh;),(SCN), has been described before.? Carbon, hydrogen,
and nitrogen analyses were performed on the samples by the Division of Analytical
Chemistry, Chemical Center, Lund, and some examples are given in Table 1.

Table 1. The analytical data (%) for some of the palladium(II) complexes.

Calculated Found

Compound C H N C H N

Pd(PPh,),(NCS), 61.1 4.05 3.75 60.9 4.06 3.7
Pd(AsPh,),(NCS), 54.7 3.62 3.36 54.3 3.68 2.7
Pd(bipy)(NCS), 38.0 2.13 1479  37.5 2.92 14.4
Pd(4,4’-dimethylbipy)(NCS)(SCN) 41.3 2,97 1378 41.6  2.95  13.9
Pd(phen)(SCN), 41.8 2.00  13.91  42.9 2.45 13.4
Pd(4-cyanopy),(SCN), 39.0 1.87 1950  38.2 2.04 19.9
Pd(y-pic),(SCN), 41.2 3.45 13.71 40.8 3.51 13.8
Pd(tu),(SCN), 12.8 2.15 2243  13.3 2.29 22.5

Recording of spectra. The infrared spectra of the samples in KBr disks were recorded
on Perkin-Elmer Models 521 and 180 grating spectrophotometers. The accuracy of the
frequency readings is 4 0.5 and + 0.25 cm™! and of the transmittance + 0.5 and +0.4 9,
respectively, according to the performance specifications of the instruments. The scale
on the wavenumber axis was expanded 10 times, that is 10 and 5 cm™ per 1 cm of chart
paper in the vy and »eg range, respectively. From the spectra both frequencies (v) and
the integrated absorptions (A4) of the bands could be determined.

A is defined as
1 I,
A = ngln(j)v dV
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where ¢=concentration, d = thickness of sample, » =frequency, I,(I)=the true intensity
of the incident (transmitted) radiation of frequency ». Ramsay 22 has shown that if the
bands could be described by Lorentz functions 4 =(K/cd) In (Ty/TWma® X 4v1;:*. Here
T, and T are the apparent intensities of the incident and transmitted light at finite slit
widths, respectively, and A»,,,? is the apparent half-band width. K is a correction factor
related to the ratio of the slit width to the apparent hald-banf width. By using Ramsay’s
tables of K-values and the spectral slit width of the spectrophotometer, one can easily
determine the integrated absorption (Ramsay’s method of direct integration). Normally
for small ratios slit width/half-band width, K is approximately n/2 and 4 =(=/2) (In
10)emax X 4741, Where ey, is the molar absorptivity as defined by epax=(1/cd) log
(To/T)max. Unfortunately, the shapes of the yoy and veg bands in the solid thiocyanato
complexes were in most cases not true Lorentzian. In addition to the fact that the method
of Ramsay is derived for liquids and solutions, this made us determine the integrated
absorption by direct graphical integration. The spectra were run with linear absorbance
and the areas under the curves were measured with a planimeter. The spectral slit width
(resolution) of the spectrophotometer was about 1.5 c¢m™1. The values of the integrated
absorption determined by graphical integration were generally smaller than those ob-
tained from Ramsay’s method.

The assignment of bands due to the thiocyanate group was made by comparing the
spectra of the thiocyanates with the spectra of the corresponding chloro compounds. The
concentration of the solid sample in a KBr disk was obtained by accurate weighing of
the sample before it was mixed with potassium bromide and by determination of the
volume of the disk when it had been pressed. Every compound was examined in about
ten disks with varying compositions and from the recorded spectra the accuracy of the
integrated absorption (given in Table 2) was estimated to be within 10 9.

In addition to frequencies from infrared spectra also some Raman values are included
in Table 2. These were obtained with the new commercial Laser-Raman spectropho-
tometers Cary Model 82 and Spex Ramalog.

CALCULATIONS ON THE SCN~ ION

The method of normal coordinate analysis. The intensities of bands arising
from the fundamental vibrations are proportional to the square of the dipole
derivative with respect to the @, normal coordinate. If 4, is the integrated
absorption in M—! em~2 the proportionality is given by 2

_ Na _ (op\?
4= 32108 ~ (TQI) (2)

Here N is Avogadro’s number, ¢ the velocity of light in em/s and u the total
dipole moment of the molecule in esu cm.* Hence, the absolute value of
0p/0Q, could be obtained from experimental determinations of the integrated
absorption:

a 2 3 A 3
el (2524

Eqn. (2) is derived for isolated molecules in the gas phase and when handling
solid samples one must consider changes in the vibrational intensities caused
* For the sake of convenient comparison with existing data the CGS system has been used

in the derivations and the integrated absorption is expressed in M~! em~2, The SI unit for the
integrated absorption would be m mol~!, for the velocity of light m s~ and for the dipole moment

. WETETAN
C m. In this case eqn. (2) becomes A;=8.988x 10° :ﬁ(aﬁ .
i

Acta Chem. Scand. 27 (1973) No. 10



ATIS MIEZIS

3750

. . $£°0 L 06¥ woj ¥(NDOS)
gy 0L g8 L ae 869 118 ?m.o L 067  gIig) -(uoydidmjewnp-g‘e)pd W
81% 09 et L g'g S69 3I'l 9€°0 6 00% 9113 ¥NOoSHuweuyd)pg
» » » » » 08°3 6L°0 1t 03L €603 HNDS)¥(Puqasied M
LY¥ » » » » » L8°0 83°0 8 0gg 6113 ¥ NOS)(fuasvipa
» 131 152 6 (o 2 30L $8°0 $€'0 11 01¢ 1313 (NDS)SON)
g% oPIOT %38 6 8¢ 46€8 LT'9 81'G 9¢ 019 6602  -(Adiqifyjewnip-33)pd 1
me“ 9 8% L ¥ 369  60°T 50 ol 068 0318 (NOS)
LSY » » » » » ST'd 8¢°1 9% 0¥¢ 060  -(SON)(uweydonru-¢)pgd H
8¢% 066 (078) (6) (88) TOS)  aoe X g€ 00L 6603 YsON)(4dia)pd D
e » v v » v 96°G £0°'G 63 00L 6013 HSON)*(Adoxgru-p)pd A
0638 0001 o1 00T €98 €0°9 $6'1 L3 03L 8803 YSON)(fugsv)pd A
8¥¥ 001¢ 0801 6 031 L¥8 0L'9 83'2 €2 066 G013 HSON)[F(ng-w)gled @
0093 08L 9 (1191 8%8 g0°9 L0'g €3 006 9013 HSONYEagndled )
0088 (006) (gD (oL) ﬁwww IR 9T S8 03L 2603 YsON)Y(*uad)pd g
ohﬂv
8% 0SIT 09 o1 9 eglL ¢G'e 33’1 68 o1g 0L03 NOSEN V
(g-U19— W) (z-Wo—T)
(i-u) (- W) (-wo -W) (-wo) (-umo ;- J§) (;-wo) 0T X 0l X (-wo) (wor ) (-wo) punodwo))

ZUW%

wu.w\ .«\-a“ X2

ﬁa—w

2

94 NOy Hap x2  Bap

2

N

*dnoad N Tod pejemores ore F pue ‘Yap X 2 2 jo senpea oyy, ‘sexoidwioo peyeSysoaur oyg Jo BIBp [81300dy ‘7 99D.L

Acta Chem. Scand. 27 (1973) No. 10



3751

STUDIES ON THE THIOCYANATE ION

SuBOW Us TV INHNITAIX T, 40[0
pue3iy orus3io oy Jo uotydiosqe o3rey

*Iopmnoys

q 9%03 008 spunoduroo oy} Jo eBMULIO} oYy ur SUOHIBIASIqQE oY} 10, iSUOIIBIAGIGQY UOIFex 48YY

® JO 65MBOOQ UIBJIOOUN OIB SONJBA O[], q 'Puedy oruedio oyg yo uonydiosqe oy £q peysew pusg ,

9c¥

1444

61¥%

031 (gg) (
06 8%
0S¥
0LEZ ﬁcmm
901 44
0g 81
1L L3
v v
39 L3
PeI 09
v v
v v
42
c93 “om

L)

|84
0g

(9)
12

N =200 I S ]

o m

11
01

amwmwh
FOL
£0L
ﬁoh_
91L
wouu
FIL
91L
869
20L

2

L69
90L
v
v
m@wv
202

waw“
0L

L6°0
191

06°3
0%°g
16°0
€80
L9
(51
0€'1
¥0'1
£6°0

L |

A ST°0
LT'0
0¥%°0

68°0
18°0
83°0
350
(L3°0)
09°0
330
1€°0
93°0

L¥0

8
(44
€I

(41

¥
0t

(6)

144
(44

(1]}

061
(U4}
01¢

oFL

08¢
083
0ze

(00¢)

(Uerd
0s¢
0ce
oLg

oLy

«NNN“ v z

5602 (NOS)PE®ST X
€018 HNDS)H(me)pd X
0I13  uswey
0113 HNDSI(mpd M
9118  *(NOS)¥(Adourme-p)pg A
0113 Y(NOS)¥(Ldew-3)pd 1
LTIZ  ¥(NOSV(Adifzueq-$)pg [

ammoﬁmu
PI13 HNDS)H(Ld)pg §
LTIG NOS)(AdOHOF)Pd o
0313 YNOS)HAdov-F)pd
L11g HNOS)(ungoorw-)pg ¢
6113 *(NDS)*(Adjbozueq-3)pg @

6113 uswsy

8118 *(NDS)(4dousfo-$)pg N

‘Panuuo) g 2191,

Acta Chem. Scand. 27 (1973) No. 10



3752 ATIS MIEZIS

by intermolecular interactions and also the dependency of the intensity on
the refractive index of the phase.2 Ratajczak and Orville-Thomas 25 have
derived a general formula which applies to molecules in any phase. However,
the results of Yamada and Person 26 in their studies of the infrared intensities
in the solid phase of linear triatomic molecules indicate that the intensities
of the stretching vibrations of, e.g., a thiocyanate group in the solid phase
probably would not differ drastically from those in the gas phase and therefore
eqn. (2) would be a good approximation in this case.

Since all atoms in the molecule move in phase for each fundamental vibra-
tion the normal coordinates are complicated functions of changes in bond
lengths and bond angles. It is desirable from a chemical point of view to relate
the change of dipole moment to the individual bonds. This could be done by
carrying out a normal coordinate analysis which is based on accurate know-
ledge of the potential and kinetic energy of the system. Reviews of the method
of normal coordinate calculations and the nomenclature used can be found
in Refs. 27 and 28. In the following a calculation of the change of dipole mo-
ment with the bond lengths in the ““free” thiocyanate group will be made in
a manner similar to the procedure of Robinson 2 and Orville-Thomas et al.30:31

The normal coordinates @, (in terms of a column matrix Q) are related to
the symmetry coordinates S; (S) by a transformation

S=LQor Q=L1S (4)

where L is the inverse of matrix L. The linear NCS group belongs to the
point group Cu,. That means that the two stretching vibrations and the
doubly degenerate bending vibration are in different symmetry classes (2t
and I7, respectively) and therefore they can be treated separately. For the
two stretching vibrations (4) can be written

Qi =L;™8; + LS, (i=1,2)

As the stretching vibrations imply changes only in the interatomic distances,
a relevant connection between the symmetry and the internal coordinates is
S1=4ry=Adry. and Sy= 4ry= Arg. Thus

Q =Lyldr, + Ly dr, (i=1,2) (5)

Using the GF matrix technique of Wilson 27,32 the vibrational problem leads
to a secular equation which symbolically can be written as |[GF —EA4|=0.
Here both F and G are symmetrical matrices. The components of F are the

f1f12

12J/2
N-C and C—S bonds, respectively, and f,, is the bond-bond interaction

constant. The elements of the G matrix can easily be shown to be (see Ref.

27 SEC. 4-2)
G= (ﬂN + U —le >
“Hx Mot pg

force constants F=( ) where f, and f, are the force constants of the

where y is the reciprocal mass. The homogeneous equations for the amplitudes
(L) for this form of the secular equation are (eqn. 42 in Ref. 32)

Acta Chem. Scand. 27 (1973) No. 10
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[(GF)y— 0141 L™ + [(GF)oy — 0945 is

where 1, m=1 or 2 and J,,, the Kronecker delta symbol, is unity if k=1 and
is zero otherwise. 4 is determined from the observed wave numbers of the two
stretching vibrations by A= 4n?%?2.
These homogeneous equations give only the ratios of the components of
L-1. Thus forl=1
Lt (GF)—4,

m2
L™ h (GF)gy ©)
(GF),, and (GF),, are elements of a matrix GF. That is, in this case,
(GF) 11 = (ux + #)f1—tefrz (7a)
(GF)ay = —pef1 + (e + p)f1a (7b)

The separate values of the elements of L1 can be obtained by the normaliza-
tion condition. This may be written 32 as L-G(L’)"'=E where L’ is the trans-
pose of L and E is the unit matrix. If (Ly™),, is the unnormalized value of
(L), and K, the normalizing constant then

2
Km =£l§;$LO_I)mk(Lo_l)ml le]_%
If for example (L,™1),,, taken equal to unity then

Ky = [Gy1 4 2(Lg ™) e Gag + (Lg™)ma? Goel? (8)

The knowledge of the ratio L ,7'/L_,™' now directly gives the separate
normalized values of L1,
The dipole derivative with respect to the changes in bond legths du/dr,

can be written as
- (6)(2) ()&

From eqn. (5) is obtained
00 _

it
or,

which on substitution in eqn. (8) gives

O _q, a0k g a0H
o = L 5o + Ll gy (10a)
u L 0u 10
= L, 30, + Ly, 3q; (10b)

Results. The wave numbers and the integrated absorptions of the two
stretching vibrations of the ‘free’’ thiocyanate ion (NaSCN) used in the cal-
cultions can be found in Table 2. The force constants have previously been
determined by Jones! (f;=15.95x105 f,=5.18x10% and f;,=0.9x10%
dyn/cm.
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This leads to the following L' matrix elements

L, 1= +3.088x 10712 Ly, = 70.335x 10712 (g})

Ly, = +2.898 x 1012 Lyl = +4.866x 1012 (gh)
With these values inserted in eqns. 10 a and b together with the d4/d@;’s from
eqn. 3 the absolute values of the dipole derivative can be derived. Since the sign

of the du/0Q; is not known, the values of du/dr; will be dependent on the sign
combination chosen.

Ju| _ 1.30 a.u. (different signs for du/0@;) or
ory 1.48 a.u. (similar signs for du/dQ;)
dpu| _ 0.30 a.u. (different signs for du/dQ;) or
0ry  0.002 a.u. (similar signs for du/d@;)

As will be discussed later, the values obtained for similar signs for du/d@; can
definitely be excluded.

The dipole moment of a molecule, symbolized y, is defined as the distance
between the centres of positive and negative charge, multiplied by the size
of one of them. For an ion, e.g. NCS™, with a total negative charge, this charge
would not contribute to the dipole moment or the change of dipole moment
in a vibration as it all the time is situated in the centre of negative charge.
The total dipole moment could be written as a sum of the bond moments

b=t e

and if the charge distribution is (when leaving the negative unit charge out

of account)
-0 +a %

N8

the dipole moment is = gqyr, — 171 (¢1+¢2=¢s)- When this relation is derived
(a) with respect to r, keeping r, constant, (b) with respect to r, keeping 7,
constant one gets

ou 0q, dq;
&;—72571—91*’1%—“%—1\{1 (11a)
op _ g, gy _
672 —42"'7'207.2 —rlE =q, + M, (11Db)

M, and M, would correspond to the “delocalization moment” of Person and
Hall 3 and is a measure of the contribution to the dipole moment change
from the movements of delocalized electrons of the vibrating thiocyanate ion.

The charge distribution in the thiocyanate ion has been calculated by Di
Sipio et al.® Their charges on the sulphur and nitrogen atoms are gs= — 0.48
and gy = —0.51, which are in good agreement with the values expected from
the resonance structures (1). However, other calculations 3 indicate more
negative values, at least for sulphur, and so does an estimation made by
Folkesson 3¢ Using the ESCA technique, he measured the N1s and S2p electron
binding energies of NaSCN. Then, from a correlation of binding energies of

Acta Chem. Scand. 27 (1973) No. 10
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other N and S containing substances and corresponding MO SCF calculated
charges (c¢f., e.g., Ref. 37), he could obtain the values ¢g4= —0.72 and ¢y =
—0.70 a.u. As has been mentioned above, the negative unit charge of the thio-
cyanate ion does not effect the dipole moment and could be placed in the
negative charge centre. Jones! has determined the bond distances to be
ren=1.17 A and r,=1.61 A and therefore the negative charge centre is
situated somewhere between the carbon and the sulphur. If the values of
Folkesson are used, the effective charges would be ¢, ¢,=0.21 a.u. When
the values of ¢, and ¢, are inserted in eqns. 11a and b together with the du/dr,’s
two different cases appear: Ratio du/d@Q; negative: M;=1.09 a.u., M,=0.09
a.u.; positive: M; =1.27 a.u., My= —0.21 a.u.

In the valence bond description the ‘‘delocalization moment’ is connected
with the changes in the relative weights of the resonance hybrids (1) of the
thiocyanate ion during the vibration. A stretching of a bond tends to favour
the structure in which that bond is single and it is obvious that this effect
works in the same direction upon the change of the dipole moment as the
stretching of a bond in a fixed charge model would do. Therefore, a negative
value of M is unacceptable and makes it possible to exclude the du/dr; values
for similar signs for du/dQ;.

The contribution from the ‘‘delocalization moment” is very large, es-
pecially for the C—N stretching vibration. The value of du/dr.y expected
from a fixed charge model would be 0.21 a.u., that is only one sixth of the
value calculated from the integrated absorption experimentally determined.
Therefore, it seems obvious that such a model is insufficient when treating
molecules of this kind and that the possibility of delocalized charges must
be considered in understanding infrared intensities.

RESULTS OF THE MEASUREMENTS ON THE Pd-COMPLEXES

In Table 2 all the spectral data of the bands assigned to the C—N and
C—8 stretching vibrations of the thiocyanate group are listed for the com-
plexes investigated. In some special cases the frequency of the bending vibra-
tion is included. The type of bonding is determined mostly on the basis of the
integrated absorption of the C—N vibration (4.y) and the C—S8 frequency
(veg)- When the latter is questionable or when the band is masked by the
absorption of the other ligand present, also the NCS bending frequency is
used as a supporting criterion. Thus the compounds B— G are believed to be
fully N-bonded and compounds J—Y S-bonded.

All compounds listed in Table 2 are probably square-planar with trans
configuration 17 except, of course, those containing a bidentate ligand, such
as compounds G, H, I, L, and M, in which the two thiocyanate groups ne-
cessarily must be cis to each other. In such cis compounds both the in-phase
and out-of-phase vibrational modes associated with the C— N (C~— S) stretching
of the two thiocyanate groups are infrared active, whereas in the frans com-
pounds only the out-of-phase one is infrared active. Thus, one should expect a
splitting of the absorption bands in the cis compounds. As seen in Table 2
there is a splitting of the C—N frequency for compounds H, I and M (see

Acta Chem. Scand. 27 (1973) No. 10
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Fig. 1. Spectra of (a) Pd(5-nitrophen)(NCS)(SCN), (b) Pd(5,6-dimethylphen)(SCN),.

also Fig. 1), but for G and L only a single band is observed, possibly owing to
accidental degeneracy. Contrary to the case in compound M (Fig. 1b), the
two absorption bands in the C—N stretching range of the compounds H (Fig.
la) and I showed very different shapes, one having integrated absorption as a
N-bonded thiocyanate group, the other as a S-bonded group. Moreover, the
existence of bands both in the N- and the S-bonded ranges of the C — S stretch-
ing and SCN bending vibrations, makes it plausible that in these compounds
one thiocyanate group is linked via nitrogen and one via sulphur. Of course
it could just as well be a mixture of PAL(NCS), and PdL(SCN), but, as Bertini
and Sabatini 1* have pointed out, one would not expect the same spectrum
of a mixture when it was prepared at two widely different temperatures. We
have prepared the compounds G and H at —20°C and + 25°C, warmed them
to 130°C and used varying pressures when pressing the KBr disks, but found
no difference in the spectrum. Palladium(II) complexes with mixed thio-
cyanate bonding in the same molecule, as compounds H and I are believed
to be, are not too numerous but recently Meek et al.20 have reported several
examples of this kind when bidentate ligands are present.

Splitting is also observed for some of the complexes with trans-configura-
tion. Causes of these splittings may be distortions from the regular D,,
symmetry brought about by, e.g., non-linearity, but also, as the samples are
solid, owing to site symmetry and other solid-state effects.

DISCUSSION

As mentioned in the introduction above, the transformation from the
normally more stable Pd —SCN bonding to Pd —NCS bonding could be as-
cribed to a high n-bonding ability of the other ligands present. Thus, the
n-bonding hypothesis has been used 18 to explain the change from S-bonded
thiocyanates for triphenylstibine to both S- and N-bonded for triphenyl-
arsine and to N-bonded for triphenylphosphine by the order of increasing z-
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capacity of the ligands. However, this order is somewhat ambiguous 383 and
also steric factors can promote a change of the bonding type in these systems.
From theoretical considerations® one would expect a M —SCN complex to
be bent whilst a M —NCS complex could be either linear or bent. Not very
many structural studies on N-bonded thiocyanato complexes of palladium(IT)
have been carried out but in Pd[(C¢H;),PCH,CH,CH,N(CH,),](SCN)(NCS) %
the angle between Pd and the NCS group is 177.6° whilst that between Pd
and the SCN group is 107.3°. If the bond angles are similar in the mixed com-
plexes mentioned above, the change from M —SCN to M — NCS bonding could
as well be explained by the smaller size of phosphorus as compared with
arsenic and antimony which places the phenyl groups nearer to the metal,
thus producing a greater steric hindrance to an angular M — SCN arrangement
than to a linear M — NCS.

Among the ligands with nitrogen as donor atom shown in Table 2, only the
bidentate 2,2'-bipyridine, 4,4’-dimethyl-2,2’-bipyridine, and 5-nitro-1,10-
phenanthroline and the monodentate 4-nitropyridine are able to promote N-
bonded thiocyanates. 1,10-Phenanthroline itself gives S-bonded thiocyanates,
but when a strongly electron-withdrawing group such as -NO, is substituted
onto it, one of the thiocyanate groups will change its bonding mode. On the
other hand, alkyl substitution (in 5,6-dimethyl-1,10-phenanthroline) would
enhance the S-bonding, as it decreases the ability of the ligand to withdraw
charge from the central metal atom. This electronic effect could be treated
more quantitatively for the para-substituted pyridines.

The ability of a substituent to either withdraw electrons from an aromatic
ring or donate them into it can be expressed by its Hammett constant, ¢.41,42
Thus, a positive value of ¢ means that a substitution decreases the electron
density of the ring and wice versa. Table 3 shows the effective substituent
constant ¢ derived by Fischer et al.®® for para-substituted pyridine systems.
The & values are related to the basic strength of the substituted compound
(¢f. the pK, values of the corresponding pyridinium ions, also included in
Table 3). In a series of such analogous compounds, increasing s (decreasing
basicity) would be related to lower electronic density on the pyridine nitrogen
and, at coordination, a pronounced electron withdrawal from the central
metal atom either by an inductive or m-electron accepting mechanism. There-
fore, one expects that a change of substituents with increasing ¢ would cause
a continuous decrease of the z-bonding contribution to the Pd —SCN bond in

Table 3. The effective Hammett substituent constants ¢ and the pK, values of the para-
substituted pyridines. Values are taken from Ref. 43.

Substituent o pK, Substituent ¢ rK,
4-NH, —0.65 9.12 4-COCH, 0.28 3.51
4-CH, ~0.14 6.03 4-COOCH, 0.28 3.49
4-CH,.C,H, —0.07 5.59 4-COC H, 0.31 3.35
H 0 5.21 4-CN 0.55 1.86
4-CHO 0.11 4.52 4.NO, 0.63 1.39
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PdL,(SCN), (L =para-substituted pyridine) and that at some point a change
to PdL,(NCS), may occur. As can be seen in Table 2, this happens when the
nitro group with the largest ¢ is substituted. The effect of increasing s on the
complexes which remain S-bonded is illustrated in Fig. 2 with respect to their
integrated absorption A.y. Even if a certain amount of #-bonding is accepted
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Fig. 2. The dependence of the integrated absorption Agy of PdAL,(SCN), (L=para
substituted pyridine) on the effective Hammett substituent constants g.

in a Pd—SCN bond, it must be remembered that it for the main part is a o
bond resulting from a lone-pair donation from the sulphur atom. Such a
donation would be facilitated if a strong electron-withdrawing group is intro-
duced into the complex. From the simple valence bond picture 2 using the
canonical structures of Jones (1), a decrease of A,y is expected when ¢ is
increased. Such a decrease may also be found in Fig. 2 although it is not con-
tinuous if all the values are regarded.

Also the other complexes in Table 2 are approximately ordered in a series
of falling electron-accepting ability of the organic ligand. As no definite cor-
relation between this ability, the frequencies and the integrated absorptions
within the groups of N- or S-bonded thiocyanate complexes could be found,
there must be other factors than the electronic, which are important. Thus,
steric requirements may cause deviations in the metal-thiocyanate bond angles
from one complex to another and would change the frequencies and perhaps
also the intensities of the thiocyanate group vibrations.

The change in A,y upon coordination can qualitatively be explained by
the aid of the resonance structures (1) of the thiocyanate ion,2? if an increase
of dipole moment over the C—N bond also implies an increased value of the
dipole derivate. For 4., the same procedure would predict a decrease of the
“free ion”” value upon coordination via N and an increase upon coordination
via S. But the report of Tramer ® that for Hg(SCN),2~ in acetone solution the
ratio A.g(Hg(SCN)*")/4s(SCN7)< 1 indicated that the prediction above
would be wrong and this is confirmed by the results given in Table 2. How-
ever, the suggestion that a larger dipole moment means a larger dipole derivate
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and thus integrated absorption cannot be fully true if there is a ‘‘delocaliza-
tion moment’’ contributing to the static one. An N-coordination for example
would favour the resonance structures b and ¢ in (1), that is there would be
an increase in bond order and probably a decrease of the C—S bond moment.
But when the C—S bond is stretched the structure ¢ where this bond is single
would be promoted, and this structure has the largest C —S bond moment of
all. Therefore, during the vibration (stretching) an N-coordinated thiocyanate
ion would have a greater change of dipole moment over the C—S bond than
the uncoordinated ion. The situation would be the reverse when there is S-
coordination.

As can be seen in Table 2, 4. (M —SCN) and 4.,(M— SCN) are generally
about one half of the corresponding values of NaSCN. 4 (M —NCS) is twice
the A (SCN™) but 4. (M—NCS) is about twenty times as large as A.-
(SCN7). The same relationships are shown by Hg(SCN),* in acetone solution ?
and gaseous HNCS as could be estimated from the spectra reported by Reid.5
The large value of the A.(M—NCS), which means 4.5 times larger du/0Q;
than for the ““‘free” thiocyanate ion, is very interesting, but difficult to explain
quantitatively at this point. But it may certainly be connected with a much
more pronounced ‘‘delocalization moment”’ at the C—S stretching vibration
for the S-bonded thiocyanate ion than for the other forms.

Generally, the differences in absorption frequencies and integrated absorp-
tion within the groups of N- and S-bonded thiocyanates are not very great
but some examples of abnormal values are found, viz. the C—S stretching
intensity of the thiourea compound W and that of the 4-cyanopyridine com-
pound N. (The frequencies of these compounds are not remarkable and are
nearly the same when determined with Raman.) This large intensity, at least
for the thiourea compound, is likely to be caused by Fermi resonance. Two
bands are observed in the C— S stretching region of the S-bonded thiocyanate
ion but probably one of them corresponds to a C=S and N —C— N stretching
of the thiourea. This band usually is found at about 730 ecm~1, but it should
be lowered at coordination because of the reduced double bond character of
the C=8 bond. This vibration is of A, symmetry type 4 and so is the C—-S
stretching vibration of the thiocyanate group (X+=4,). Furthermore, these
two vibrations probably would be of nearly the same energy. Under these
conditions, Fermi resonance often produces vibrational perturbations?5 be-
tween the two vibrations which involve, besides frequency shifts, an enlarge-
ment of the absorption bands.
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