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The vibrational (far infrared) and electronic spectra 
of the complexes Cu(N-N)X2 (where (N-N) is ethyl- 
enediamine, 1,3_propylenediamine, 1,4_butylenedia- 
mine, and the symmetric and anti-symmetric N,N-di- 
methyl and diethylethylenediamines, and X=Cl, Br, 
N03, or NCS) are reported. 

Correlations are demonstrated between metal nitro- 
gen and metal ligand (X) stretching frequencies which 
are interpreted with the electronic spectra in terms 
of increasing tetragonal distortion and increasing in- 
plane bond strength. The nature of the Cu-X bond 
influences the frequency of the Cu-N vibration via 
a trans influence. These conclusions are supported 
by a simple force constant analysis of the problem 
and are generally interpreted in terms of the effective 
charge on the copper atom. 

Introduction 

We recently reported’ an analysis of the far infra- 
red and electronic spectra of copper complexes con- 
taining two diamine ligands (of the general formula 
CU(N-N)~X~) and showed that these data may be 
related to the extent of tetragonal distortion in these 
complexes and also to the in-plane bond strength. 
We now report a detailed analysis of the far infrar- 
ed spectra of derivatives of the general formula Cu- 
( N-N)X2 where (N-N) is ethylenediamine, 1,3-pro- 
pylenediamine, 1,4_butylenediamine, or the symmetric 
or antisymmetric N,N-dimethyl or N,N-diethylethyl- 
enediamines, and X is a halogen, pseudohalogen or 
nitrate group. 

Experimental Section 

Most of the complexes have been previously repor- 
ted (see Table I for references) and were prepared by 
the literature methods. New complexes of 1,3-dia- 
minopropane and 1,4+liaminobutane were prepared 
by mixing stoichiometric proportions of the amine and 
metal salt in ethanol, and recrystallising, where pos- 
sible, from the same solvent. Far infrared spectra 
were recorded as Nujol mulls with a Beckman IR 12 

(1) A. B. P.;Lever and E. Mantovanl, Inorg. C&m., IO, 817 (1971). 

spectrometer, whilst electronic transmittance spectra 
were also recorded as Nujol mulls (on filter paper) 
using a Cary 14 spectrometer. Low temperature elec- 
tronic spectra were obtained using a Beckman VLT-2 
variable temperature cell with quartz windows. Me- 
tal and halogen analyses (Table I) were obtained by 
the Authors using standard gravimetri’c or potentio- 
metric techniques. 

Results and Discussion 

In our previous study’ of the complexes Cu(N-N)2X2 
a novel correlation was observed between the in-plane 
copper nitrogen stretching vibration and the crystal 
field splitting energy of this CuN4 chromophore, as a 
function of the axial ligand X. It was shown that 
these spectra reflected changes in tetragonal distortion 
and that as the distortion towards a square increases, 

Table I. Analytical data 

Complexes 
Metal Analyses Anion Analyses 

Req. Found Found Req. Reference 

Cu(En)Cl, 32.6 
Cu(En)Br, 22.4 
Cu(En)(NCS), 
Cu(Sym-Me,en)Ch 
Cu(Sym-Mqen)Br, 
Cu(Sym-Me,en)(NCS), 
Cu(Sym-Me,en)(NO,), 23.0 
Cu(Asym-MeZen)& 28.5 
Cu(Asym-Me,en)Br* 
Cu(Asym-MeZen)(NCS)2 
Cu(Sym-EtZen)Ch 
Cu(Sym-Et*en)Bn 
Cu(Sym-Et2en)(NO& 20.9 
Cu(Asym-Et2en)ClZ 25.3 
Cu(Asym-EtZen)Br2 18.7 
Cu(Asym-EtZen)(NO,h 20.9 
Cu( 1 ,CDAP)Cl, 30.5 
Cu( 1.3-DAP)Bn 21.3 

32.9 
22.3 

22.9 
28.6 

21.1 
25.4 
19.1 
20.i 
30.6 
21.1 

Cu(l,3-DAP)(NO,h 24.3 23.9 
Cu( 1 ,CDAB)Ch 28.5 28.7 
Cu( 1,4-DAB)Bo 20.4 20.4 

48.4 
31.9 
51.3 
43.3 

51.3 
43.3 
28.3 
47.1 

34.0 
53.7 
47.4 
31.9 
51.3 

a,b,c 
C 

48.5 a 
31.7 a.c 
51.6 a,+ 
43.3 a 

C 

a,c 
51.5 c 
43.5 o 
28.7 c 
47.5 a.c 

C 

a,c 

C 

C 

34.1 e 
53.9 e 
47.6 e 
32.1 e 
51.2 e 

a) M.E. Farago and J.M. James, Inorg. Chem., 4, 1706 (1965); 
b) G. Giusepetti and F. Mazzi, Rend Sot. mineral Ital., 11, 
202 (1955); c) P. Pfeiffer and H.J. Glaser, 1. prakt. Chem., 
151, 134 (1938); d) D.W. Meek and S.A. Ehrhardt, Znorg. 
Chem., 4, 584 (1965); e) This work. 
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Table II. Electronic Spectroscopic Data (cm-‘) (Mull Transmittance) 

Complexes Internal d-d transitions Charge Transfer 

CuenCl, 

CuenBa 

Cuen(SCN)z 

Cu(Asym-Me*en)Cl, 

Cu(Asym-Me,en)Br, 

Cu(Asym-Me2en)(NCS), 

Cu(Sym-Melen)Ch 

Cu(Sym-Melen)Br, 

Cu(Sym-Me,en)(NCS), 

Cu(Sym-Me,en)(NO& 

Cu(Asym-Etzen)C12 

Cu(Asym-Et,en)Brt 

Cu(Asym-Et,en)(N01), 

Cu(Sym-Et,en)CL 

Cu(Sym-Etsen)Br, 

Cu(Sym-Et,en)(NO,), 

Cu( 1,3-DAP)CL 

Cu( 1,3-DAP)Br, 

Cu( 1,3-DAP)(NO,), 

Cu( 1 .CDAB)CI, 

Cu( 1,4-DAB)Br, 

rt. 
It. 
rt. 
1t. 
rt. 
It. 
rt. 
It. 
rt. 
It. 
rt. 
It. 
rt. 
It. 
rt. 
It. 
rt. 
1t. 
rt. 
1t. 

;:: 
rt. 
It. 
rt. 
1t. 

rt. 

It. 

rt. 
It. 
rt. 

It. 

rt. 
It. 

rt. 
It. 
rt. 
It. 
rt. 
It. 
rt. 
It. 

(13,000) 

(12,990) 
(13,120) 

(13,910) 
(14,815) 
(12,380) 

(12,500) 
(12,900) 
(11,630) 
( 11,820) 
(12,160) 
(14,285) 
(12,840) 
(14,035) 
(12,900) 
(12,410) 
(12,900) 

14,160 
13,970 

(13,440) 
13,930 
15,270 
15,080 

(13,790) 

(13,570) 
(14,810) 
(15,240) 

14,000 
13,850 

(12,900) 

I :z::; 
(141820) 
(14,290) 

14,660 
14,600 
14,080 

(13,120) 
(13,120) 

(15,750) 
(16,340) 

15,080 
15,850 

(17,390) 
(16,000) 

15,240 
15,820 
15,240 
15,650 
17,540 
17,950 

( 15.480) 

(24,810) 
(24,270) 

(18,080) (25,970) 

(23,250) 
23,750 

15,800 
15.385 
15,360 
17,040 
17,360 
16,310 
17,180 

(22,830) 
(24,000) 

(22,220) 

15,850 
14,860 
15,670 
16.670 
17,985 

(22,730) 
(23,150) 

(15,580) 

(14,290) 
15,150 
14,160 

(16,130) 

16,180 

(13,330) 16,930 
13,440 15,500 

(15,290) 16,890 

(22,530) 
24,100 

15,270 17,950 (25,840) 

(13,790) 

(13,790) 
(14,810) 
(14,200) 
(14,285) 

(13,560) 

(13,160) 

15,600 
15,900 

15,670 
15,970 
16,340 
16,920 
15,150 
15,820 
15,110 
15,900 (25,000) 

rt. = room temp. It. = liq. N, temp. Shoulders in parentheses 

so does the in-plane stretching frequency and bond coordinate or distorted tetrahedral environment about 
strength. the copper ions must however also be considered. 

In these mono-ligand complexes the in-plane chro- 
mophore is now cis CuNzXz so that as X changes the 
in-plane chromophore also changes, thus making the 
problem rather more difficult. Moreover whilst many 
X-ray structural studies have been completed with 
the 1:2 (metal to diamine) complexes, few such stu- 
dies have been reported for the 1: 1 (metal to diami- 
ne) derivatives. Nevertheless it is evident that there 
will be two limiting structures for these complexes, 
namely a square planar complex, with no axial per- 
turbation, and a six coordinate complex in which a 
number of Cu(N-N)Xz units are stacked together 
such that the X groups of one molecule axially inter- 
act with an adjacent copper atom in a tetragonally 
distorted octahedral array.’ The possibility of a five 

It will be demonstrated that consideration of both 
the far infrared and electronic spectra does allow sta- 
tements to be made about the nature of the environ- 
ment around the metal ion in these complexes, and 
notwithstanding that the 1: 1 complexes present a 
less favourable case for study than the 1: 2 compounds, 
some chemically useful conclusions can be drawn. 

Electronic Spectra. All the complexes exhibit a 
broad band in the visible region which is generally 
resolvable at liquid nitrogen temperature into two 
main peaks often with one or more shoulders to lower 
energy (Table II). 

For a given ligand X, the band positions show, with 
few exceptions, very little dependence upon the ami- 
ne. In the chloride series, for example, the two main 
bands lie in the regions 13,560 to 14.160, and 15,335 
to 16,340 cm-’ which seems to imply that all the chlo- 

(2) G. Giuseppetti and F. Mazzi, Rend. Sm. mineral Ital., 11, 202 
(1955). 
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Table III. Far Infrared (500 cm-’ - 190 cm-‘) Spectra and Force Constant Data. 

Complex Ring v(M-N) v( M-N) +c(CH,) v(M-X) Other bands (1 

431 

CuenCb 
-D 

CuenBa 
-D 

Cuen(NCS)l 

Cu(Sym-Me,en)Cl, 

Cu(Sym-Me2en)Br, 
Cu(Sym-Mezen)(NO& 
Cu(Sym-Me,en)(NCS), 

Cu(Asym-Me,en)Ch 
-D 

Cu(Asym-Me*en)Br, 
Cu(Asym-MeJen)(NCS)z 

Cu(Sym-Etzen)C& 
Cu(Sym-Etzen)Brr 
Cu(Sym-Etzen)(NO& 
Cu(Asym-Etlen)Ch 
Cu(Asym-Et*en)Br* 
Cu(Asym-EtJen)(NO1)z 
Cu( 1,3-DAP)CL 

-D 
Cu( 1 ,3-DAP)Brz 
Cu( 1,3-DAB)(NO,), 

cu( 1 ,CDAB)Clz 
Cu( 1,4-DAB)Brz 

475s 

470s 

473s 

481~ 427~ 
449s 

454s 
457s 427s 
464m 431s 

447m 425s 
445m 425s 
450m 428s 
460m 425s 

492s 
464m 
447m 413s 
468m 427m 
470m 422m 
480s 427s 
416s 
457s 403m 
498s 411s 
450m 418~ 

383s 
381s 

375s co.9441 
362s 
370s [ 0.9331 
360s 
374s [0.965] * 

395m [ 1.021 352s 

388m [ 1.011 353m 
391w [ 1.033 386~ 
399s [ 1.091 384m 

380s [0.935] 
373s 
376s 0.940 

E 3 380s 0.989 

397s [ 1.02 1 
387s [ 1 .OO] 
402m [ 1.091 
398s [ I.061 
395s [ 1.061 
401s [ 1.091 
;;;; [0.742] 

333s [0.752] 
365s (347) 

[ 0.9041 
335w LO.739 
338~ CO.768 3 

317s 
312s 
302s 
290m 
323m, 318m 

- 

- 

- 
- 
366m 
350m 
350m 
343s 
- 

- 
- 
- 
- 

282s 

288s 
298s 
290s 

283m 
283m 
286m 
286s 

298s 
285s 
296s 
305m 
298s 
290s 
- 

- 
- 

- 
- 

267s [ 1.041 
267s 
187s CO.8131 
187s 
259m 249m [ 1.411 * 

307s 208s 
[1.41] 
227m 1.221 

E 326s 0.8391 
309vs[ 0.6681 

302s [ 1.371 
302s 

312s j-1.471 
229m 1.241 
332s 0.8701 \ 
280s [ 1.141 
198s [0.914] 
321s [0.810] 
286s. 208s [ 1.251 
286m. 208s 
199s ‘[0.927] 
314m CO.7771 

272s, 253s [l.lO] 
212s [ 1.061 

285m 218s 
- 220s 
278m. 228m 
- 228m 
282m fNCS 2137s. 2110s. 

794&i, 457m] ’ . 
262s 

370m, 263s 
(234) 221s, 212~ 
256w, 231m, 229m, 204s 

NCS, 2121s, 2075s, 
800m, 487s 

(392) 248m, 207~ 
(392) 248m, 207~ 
264s 
499s, 26Ow, 231m, 225m, 

204~ [NCS 2141s, 
2075s. 784m, 483m] 

272m, 252m 
279s, 229m 
496m, 260m, 227m 
332w, 242m, 225m 
33Ow, 245s 
26 lm, 225~s 
237m 
232m 
245s 
3OOw, 232m, 220m 

260s 
263s 

[ ] = Calculated force constants in md/A, with fNX = .l md/A. h Lx = 0.2 md/A - with fNX = 0.1, equations fail to 
solve D = N-deuterated amine complex ( ) = shoulders. a) ’ Other bands ’ includes bands due to the thiocyanate group, 
as indicated, and may include unidentified metal ligand vibrations. 

ride complexes have similar structures. In the bromi- 
de series the higher energy band lies within the narrow 
range 15,310 to 15,970 cm-’ but there is a somewhat 
larger variation (about 1700 cm-‘) in the energies of 
the lower band. In the nitrato complexes the lower 
energy band varies by about 1300 cm-’ and the higher 
by about 1000 cm-‘. 

It is concluded that all the complexes may be re- 
garded to have a CuNzXz in-plane microsymmetry 
with a varying interaction from adjacent molecules 
along the z axis. This interaction is undoubtedly 
present in all the complexes Gnce an isolated four- 
coordinate CuNzXz chromophore would absorb at 
higher energies than observed here? In the case of 
the nitrato complexes, the axial interaction probably 
arises through interaction with a second oxygen atom 
of the nitrate group (i.e. the nitrate group bonds in 
an asymmetric bidentate mode) as recently observed4 
in the complex Cu(2-Picoline)z(N03h. 

For a given ligand, the electronic energies shift, as 
a function of X in the spectrochemical series: 

Halides < NOI- < NCS- (1) 

implying an increase in the d orbital splitting in that 
order. A detailed interpretation of the electronic 
spectra of both the Cu(diamine)Xz and Cu(diamine)z- 
Xz series of complexes will be presented elsewhere. 

(3) M. K&on, A. B. P. Lever, and B. S. Ramaswamy, Can. 1. 
Chem., 48, 3185 (1970). 

(4) A. F. Cameron, R. H. Nuttall, and D. W. Taylor, I. Chem. 
Sot., D 865 (1970). 

Far Infrared Data. The methods utilised in assign- 
ing thz far infrared spectra of the 1: 1 derivatives 
(Cu(N-N)X2) are identical to those discussed in de- 
tail for the 1: 2 derivatives’ (Cu(N-N)2X2) and there- 
fore will not be repeated here. Suffice to say that the 
spectrum for a given pair of ligands in the 1: 1 series 
1s very similar to that of the corresponding 1: 2 com- 
plex. The principle difference is the presence of the 
v(Cu-X) modes in the 1: 1 spectrum these generally 
being absent from the 1: 2 spectra because the Cu-X 
bond is a long axial bond giving rise to a low energy 
vibrational usually outside the range of the spectro- 
meter. 

The assignments are presented in Table III. The 
inplane skeletal (ring vibrations) are found, as pre- 
viously noted,’ between 400 and 500 cm-‘, whilst 
the v(CU-N) vibrations, which decrease slightly upon 
N-deuteration of the amine appear in the region 330- 
400 cm-‘. The v(Cu-X) modes are strongly X sen- 
sitive and are unaffected by N-deuteration. They fall 
in ranges consistent with the presence of tetragonally 
distorted octahedral copper complexes?J 

It is recognised, of course, that a vibration identi- 
fied as a metal ligand in origin will undoubtedly be 
coupled to other vibrations in the molecule. The 
label ((metal nitrogens, or ccmetal halogen, implies 
that this vibration makes a predominant contribution 
to the potential distribution. 

The data in Table III immediately reveal that these 

(5) M. Keeton and A. B. P. Lever, Spectrochim. Acta, 26A, 2173 
(1970). 
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metal ligand vibrations are quite sensitive to small 
structural changes arising from changing the amine. 

Consideration of the data leads to the following sta- 
tements: 

1) the copper nitrogen frequency (higher when there 
are two) is dependent upon the group X and shifts to 
higher energy (with one exception) in the same se- 
quence (1) as the eIectronic bands. 

2) If the data are plotted as a function of amine 
(Figure 1) then some interesting regularities are ob- 
served. An approximately straight line relationship 
is observed between the v(Cu-X) and v(Cu-N) vihra- 
tions for all the amine ligands except ethylene-diamine 
and N,N-diethylethylenediamine. Moreover slopes 
of all the lines so obtained are 2 as determined from 
a least squares analysis of the data. The fact that 
the slopes are the same, and that the same ligands are 
always exceptions would seem to indicate that this 
relationship is genuine and not spurious. 

* Ku-x) 

Figure 1. A plot of the highest metal nitrogen frequency 
versus the highest metal halogen (or nitrate) frequency, in 
the series Cu(N-N)Xz. All lines have a slope of 2 [Derived 
by least squares analysis]. Ligands: 1, En; 2, Sym-Me,en; 
3, Asym-Mezen; 4, Sym-Eben; 5, Asym-Eben; 6, 1,3-DAP; 
7, 1 ,CDAB. 

In considering relationships of this sort, one should 
seek a correlation between the fundamental properties 
concerned, namely the force constants. Only in the 
absence of severe coupling and of changes in the re- 
duced mass, will it be reasonable to assume that re- 
lationships between sets of frequencies also infer simi- 
lar relationships between the corresponding force con- 
stants. In the relationship (2), since all the derivatives 
on a given line have the same in-plane CuN2X3 micro- 
symmetry and differ only in the substitution upon the 
nitrogen atoms, the reduced masses will be effectively 
unaltered. If coupling to other internal modes of the 
molecule (within the amine) or to the lattice is im- 
portant then it is extremely unlikely that such a good 
correlation would have been observed. We conclude 
that, as was the situation in the 1: 2 complexes’ coupl- 
ing is either small, or makes an approximately con- 
stant contribution throughout the series. In the I:2 
series the unimportance of coupling could be ration- 
alised in terms of the fairly high symmetry of the com- 
plexes making it less likely that vibrations of the same 
symmetry description would occur close in energy. 

inorganica Chimica Acta 1 5 : 3 / September, 1971 

At first sight such a statement cannot be made about 
these derivatives since their microsymmetry is C2v 
whilst their site svmmetry (at least for the crystallo- 
graphically deterkined CuenClz) is at least as low as 
CZ. However recent e.s.r. and magnetic anisotropy 
experiment@ with the complex CuenClz suggest that 
the effective symmetry is actually as high as Dz, thus 
coupling may in fact be minimised for symmetry 
reasons. 

It is conceivable that the trends observed in the 
copper nitrogen vibrations as a function of X (for a 
given amine) and which parallel the electronic spectra 
may be spurious. Whilst the arguments presented 
above suggest that coupling of the copper nitrogen 
modes to the lattice and to internal modes of the li- 
gand is not a serious problem, coupling to the copper 
halogen modes may be severe. 

Since we see only one copper nitrogen stretching 
vibration and only one copper halogen stretching vi- 
bration it may be reasonable to discuss these data in 
terms of a lmear triatomic model, viz: N-Cu-X. If 
coupling across the two N,-CL+X units in the CuNzXz 
chromophore is important we would expect to see two 
infrared active CU-N and CL+X stretching modes, 
which is not generally the case.. Although additional 
bands are observed in a few complexes, which could 
be metal-ligand in origin, in the majority of cases, no 
more than one of each of the copper ligand stretch- 
ing modes could be identified 

We have therefore treated the data in terms of a 
linear triatomic oscillator’ in order to solve for the 
copper nitrogen and copper X force constants (fN and 
fx) respectively. The interaction (coupling) between 
the stretching modes is accounted for by the interac- 
tion force constant fNI. 

There being only two observables, fNX is assumed 
to be 0.1 md/A. The primary force constants are 
expected near 1.00 md/A (cf. f(Cu-NHs)=0.84 md/ 
A)’ and interaction constants in triatomic molecules 
larely exceed 10% of the primary force constants 
concernedP It transpires (see below) that the pre- 
cise value assumesd for fNx does not influence the con- 
clusions which will be reached. 

The force constants so derived are given in square 
brackets in Table III where it is seen that the se- 
quence of Cu-N force constants, as a function of the 
tram group X, may be written: 

NCS > NO,> halogens (2) 

Note also thaf the Cu.-X force constants increase in 
the same sequence. Thus a tram effect is confirmed 
in these complexes, whereby the nature of the Cu-X 
bond controls the Cu-N force constant and hence 
bond strength. The proposed mechanism parallels 
that of the 1: 2 derivatives.’ As the electronegativity 
of X decreases (X becomes more polarisable) more 
charge is transferred to the copper atom, whose ef- 
fective charge is thereby reduced, and the copper 
nitrogen interaction is weakened. The thiocyanate 

(6) D. E. Billing, R. Dudley, B. I. Hathaway, P. Nichols, and I. M. 
Proctor, I. Chem. Sot., A 316 (1969). 

(7) E. B. Wilson, Ir.. I. C. Decius, and P. C. Cross, << Molecular 
Vibrations a>, McGraw Hill, Toronto, 1955. 

(8) T. Shimanouchi and I. Nakagawa, lnorg. C&m., 3, 1805 
I I OLd\ 
\‘>“7,. 

(9) K. Ramaswamy and V. Ranganathan, Z. Naturforsch, 256, 
675 (1970). 
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ion gives rise to the strongest tram effect since the 
Cu-NCS bond is the weakest in the series and pre- 
sumably fairly ionic; thus the copper ion retains a 
high effective charge. 

Whilst the Cu-N frequency in the chloro comple- 
xes is almost always higher than in the bromo series, 
as would be anticipated, there is in fact very little 
difference between the Cu-N force constants as a 
function of halogen. If the interaction constant is 
varied from 0 to 0.3 md/A (i.e. from O-30% of the 
values of the primary force constants) this has no 
effect upon sequence (2) although in some cases it 
does alter the relative order of the halogens. Such 
a range of fNX undoubtedly contains the correct values. 

Returning to the correlation in Figure 1, it is seen 
to be excellent for the nitrate complexes, good for the 
chloride complexes, but rather poor for the bromide 
derivatives. In this last case coupling contributions 
may be important, OK more likely, there is some di- 
stortion towards a tetrahedron in these more covalent 
derivatives. If the force constants from the earlier 
calculation are plotted in a similar fashion, approxi- 
mately straight line correlations are again achieved, 
with the exception of the same two ligands; the bro- 
mide correlation is, however, poor. The slopes of 
these force constant lines are dependent upon the 
choice of fNx. It is evident from these remarks that 
the correlations in Figure 1 are real, and may be in- 
terpreted in a manner exactly similar to that employ- 
ed for the 1: 2 complexes.’ 

The bulkier amines occur at the top of the lines; 
they inhibit the approach of adjacent molecules, de- 
crease the axial interaction and therefore the mole- 
cules are more strongly tetragonally distorted. Thus 
proceeding along a line, increasing tetragonal distor- 
tion results in stronger in-plane bonding which is re- 
flected in these 1: 1 complexes by an increase in both 
the copper amine and copper X stretching frequencies 
(and force constants). It is by no means clear why 
the ligands En and Asym-Etzen consistently fall off 
these lines. The answer probably lies in the detailed 
structures of these derivatives (perhaps the compounds 
on the line are five coordinate, and those off, six coor- 
dinate) and further discussion must await additional 
X-ray information. 

Considering those amines which do fall on the 
line in Figure 1, this vibrational correlation is pa- 
talleled in the chloro and nitrato series by the elec- 
tronic spectra both d-d bands moving to higher ener- 
gy as the complex becomes more tetragonal, This is 
consistent with expectation.’ In the bromide series 
there are some discrepancies once again, and distor- 
tion of the molecule towards a tetrahedron may ac- 
count for these. 

Comparison of these Results with the Cu(N-N)?Xz 
(I: 2) Derivatives. As we have observed the two 
series of complexes exactly parallel one another, with 
increasing in-plane force constants (bond energies) 
and an increasing splitting of the d orbital manifold, 
as the degree of tetragonal distortion increases, (axial 
interaction decreases). 

It is a curious observation however that the v(Cu- 
N) frequencies of the alkyl N-substituted amine de- 
rivatives in the 1: 1 series are similar to, or slightly 
higher, than those observed in the 1: 2 series, whilst 

in the unsubstituted amine series, the frequencies ob- 
served in the 1: 1 complexes are appreciably lower 
than thoes observed in the 1: 2 complexes: If the 
complexes of the 1: 2 series are thought of as special 
examples of the 1: 1 complexes with XZ = amine, then 
the substituted amines are placed at the right hand 
of sequence (2) and the unsubstituted ligands on the 
left-hand. Hence the N-alkyl substituted derivatives 
behave as though they were much more polarisable 
and transmit much more electron density to the cop- 
per atoms, than do the unsubstituted amines. This 
is exactly to be expected in view of the inductive ef- 
fect of the alkyl substituents. It may be relevant that 
the substituted ligands tend to form the most square 
complexes where the copper atom is sufficiently pola- 
rising to make good use of this available electron 
density. 

The correlation between structure, bond strength, 
vibrational and electronic spectra may ultimately_ pro- 
ve useful, as discussed earlier,’ as a means of obtain- 
ing useful thermodynamic information from solid 
state studies. Of course such studies are not limited 
to copper complexes, although these have been found 
to be the most promising. Correlations of the types 
shown here, and previously,’ have been noted before, 
but have generally only been isolated observations 
and therefore subject to criticism. For example the 
copper nitrogen band (highest energy) in the series 
Cu(NH&X is also very sensitive to the nature of X.” 
In general the frequency of absorption does in fact 
increase with increasing electronegativity of X, but 
the correlation is less meaningful, because the struc- 
tures within this series are more variable.‘” Studies 
of the copper nitrogen frequencies in the series Cu- 
(NHj)gXz, as a function of X have also been made” 
but have not yet been published in detail. 

In the series Co(NH&X 2+ X=Cl, Br, and I, the 
highest energy Co-N stretching vibration shifts to 
lower energy in the sequence of increasing polarisabi- 
lity of the halide.” Similar but less marked effects 
are seen in the series M(NH3)6X~ with various metals 
as a function of X.” In the latter case electron den- 
sity is perhaps being transferred to the metal atom 
in some kind of hydrogen bonding process. Of cour- 
se such small changes in frequency in these last iso- 
lated examples may arise from effects quite unrelated 
to changes in electron density at the metal atom. 
Coupling to the lattice and changing degrees of hy- 
drogen bonding through the lattice with varying halo- 
gen, may be responsible. However having demon- 
strated that the metal nitrogen frequency is indeed 
sensitive to the effective charge of the metal atom, 
we should seriously consider the proposition that the 
position of the metal nitrogen stretching frequency 
in a series of closely related complexes may carry con- 
siderable information about the nature of the metal 
ligand bonds. 
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