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The infrared spectra of hydroxy-bridged copper(1l) compounds from 4000 to 70 cm.~! have been obtained. Frequency
assignments are suggested for the hydroxyl and the copper—oxygen vibrations in the bridge and the copper-nitrogen vibra-
tion to the organicligand. The effect of the environment around the anion in these complexes is also discussed.

Introduction
Walker? prepared and investigated compounds of the

type [(chelate)Cu<8g>Cu(Chelate)]Yn-ZHQO where

chelate = 1,10-phenanthroline (phen) or 2,2’-bipyridyl
(bipy) and Yn and Z are as shown in Table I. The
proposed hydroxy-bridged structure rather than the
monomeric structure (chelate)Cu<gH
by chemical and physical evidence.? A detailed report
of that investigation is to be published elsewhere.?
The infrared spectra of hydroxy-bridged complexes
of transition metals have not been extensively investi-
gated, although studies on related metal complexes

was supported

very recently. Inskeep and Benson® reported the
spectrum of [(phen),CrOH;(NO3): to 2350 cm.—! but
made no interpretations for the bands found in this
region. Goldstein and co-workers!'s investigated Cu(II)
complexes of heterocyclic bases down to 20 cm. =%, Ins-
keep!! also reported the spectra of the tris complexes of
1,10-phenanthroline and 2,2’-bipyridyl with the transi-
tion metals to 250 cm.—!, McWhinnie!* has published
infrared spectra of related compounds down to 222
cm.~t  Several important aspects of these compounds
remain unsolved. These include (1) the position of the
OH vibrations, (2) the metal-oxygen vibrations, and
(3) the M-N vibrations to the organic ligand. The
purpose of this study was to measure the infrared spec-

TaBLE [
ANALYTICAL RESULTS oF THE COMPOUNDS [XCu<8§>CuX]Yn-ZHgO
C % H, % N, % Cu, % X, %

Compd. X Yn Z Found Calced. Found Caled. Found Caled. Found Caled. Found Caled

A bipy SO, 5 36.3 36.4 4.5 4.3 8.6 8.5 19.5 19.3

B bipy I, 3 30.5 30.7 3.4 3.1 6.8 7.2 16.6 16.3 32.9 32.5

C bipy Bry 4 34.2 34.1 3.7 3.7 7.9 8.0 18.1 18.0 23.9 23.7

D bipy (Cl0y): 1 35.3 34.8 3.1 2.9 8.2 8.1 18.8 18.4

E bipy PtCly 3 27.2 27.8 2.6 2.8 6.4 6.5

F bipy Cly 3 39.6 40.2 4.2 4.0 9.0 9.4 20.8 21.2

G bipy (SCN). 1 43.4 43.5 3.3 3.3 14.2 13.8 21.2 20.9

H bipy (PFe¢)e 2 31.6 30.1 2.7 2.8 7.3 7.0 15.8 15.9

I phen SO, 5 40.5 40.7 4.1 4.0 8.3 7.9 18.1 18.0

J phen L 2 36.7 35.5 2.5 2.7 6.0 6.9 15.9 15.7 31.5 31.3

K - phen Br; 4 38.1 38.3 3.4 3.5 7.2 7.4 17.6 16.9

L phen (ClOy4)2 0 38.5 38.1 3.1 2.9 7.4 7.4 17.2 17.6

M phen Cly 3 44.7 44.6 4.0 3.7 .. 19.4 19.7

N phen (SCN), 2 46.8 46.3 3.1 3.3 12.7 12,5 18.6 18.9

with 2,2’-bipyridyl*-7 and 1,10-phenanthroline’ 1! have
been reported. Related studies of copper complexes
with 2-methyl and 2-aminopyridine have been reported
by McWhinnie.!? Extension of these studies to the
infrared region beyond 600 cm.~! has occurred only

(1) Based on work performed under the auspices of the U S, Atomic
Energy Commission.

(2) W. R. Walker, Ph.D. Thesis, The University of New South Wales,
Australia, 1962,

(3) W.R. Walker and C. M. Harris, to be published.

(4) B. Martin, W. R, McWhinnie, and G. W. Waind, J. Irorg. Nucl.
Chem., 23, 207 (1961).

(5) S. P. Sinha, Spectrochim. Acta, 20, 879 (1964),

(6) W.R. McWhinnie, J. [norg. Nucl. Chem., 26, 21 (1964).

(7) A. A. Schilt and R. C. Taylor, ibid., 9, 211 (1959).

(8) R. G. Inskeep and M. Benson, 7bid., 20, 290 (1961),

(9) F. A. Hart and F. P. Laming, /bid., 26, 579 (1964).

(10) A. A. Schilt, J. Am. Chem. Soc., 81, 2966 (1959).

(11) R. G. Inskeep, J. Inorg. Nucl. Chem., 24, 763 (1962).

(12) W R. McWhinnie, J. Chem. Soc., 2059 (1964),

tra of these complexes to 70 cm.~! and to attempt to
find the Cu-O and the Cu-N vibrations. In addition
a search for the OH vibrations was made. The effect
of environment of the anion in these complexes, as
determined from the infrared spectra, was also ex-
amined.

Experimental

The preparation of these complexes has been described,?
and the elemental analyses are tabulated in Table I. The
analyses for C, H, N, and the halogens were made by standard
microanalytical techniques.’® The copper analyses were made

(13) M. Goldstein, E. F. Mooney, A. Anderson, and H. A. Gebbie, Spec-
frochim. Acta, 21, 105 (1965).

(14) W. R. McWhinnie, J. Inorg. Nucl. Chem,, 27, 1063 (1985).

(15) Microanalyses were made by Drs. Challen (University of New South
Wales, Australia) and Zimmerman (C.S.1.R.O.. Australia).
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after fuming the complex with a H,SO~HCIO, mixture and then
volumetrically titrating for Cu with KI-NaS;0;.

The spectra in the 4000-650 cm.™! infrared region were ob-
tained with a Perkin-Elmer Model 421 spectrophotometer. The
spectra in the region 650-350 cm. ! were obtained with a Beck-
man Model IR-7 spectrophotometer equipped with a CsI prism.
The spectra in these regions were measured with KBr disks and
checked by Nujol mulls. For the Nujol mulls BaF; windows
were used in the NaCl region and polyethylene windows from
650 to 350 cm. 1. The spectra in the region beyond 350 cm."!
were obtained with a Perkin-Elmer Model 301 spectrophotometer,
where Nujol mulls were used with polyethylene windows.

The deuteration of several of the compounds was accomplished
by recrystallization of the solid from D,O. Ordinary contacting
of the solid with excess D»O failed to deuterate the bridging
hydroxyl hydrogen, although the water of hydration was ex-
changed easily.

Results and Discussion

The infrared absorption frequencies from 4000 to 70
cm. ! of eight 2,2’-bipyridyl and six 1,10-phenanthro-
line complexes of copper are tabulated in Table II.
The spectra of these complexes are quite complex, and,
therefore, only suggested assignments are made.
Molecular conductivities of these complexes in water
at 25°? were found to be 220 mhos. This evidence,
together with other physical evidence, such as magnetic
moment studies and chemical studies, has led to the
conclusion that these complexes are hydroxy-bridged,
of the type

[(chelate)Cu <8g>Cu(Chelate)] X,

From this infrared study, the position of the hydroxy
vibration in these compounds is tentatively assigned.
In addition it can be established that the organic ligands
are chelated to the metal and that bands in the far-
infrared may be attributed to vibrations involving the
M-N to the ligand and M-O to the hydroxyl group.

2,2/-Bipyridyl Complexes

OH Vibration.—Most of these compounds are hy-
drated, and this necessarily complicates interpretations
made in the 3500 cm. ~! region. In addition, the water
band in this region is extremely broad and strong.
However, in a number of instances a shoulder appears
on the high-frequency side of this water band, and this
can be assigned to the OH stretch in the bridging OH
groups. The position of the shoulder is tabulated in
Table III for the various complexes. It is observed
that in [(phen)Cu(OH)ClO,],, which is the only anhy-
drous complex, the bridge OH stretching vibration is a
doublet at 3400 and 3340 cm.—!. Support for this
assignment comes from a very recent study by Mec-
Whinnie!? of hydroxy-bridged copper complexes with
2-aminopyridine. Nakamoto!® assigned a band at
about 3300-3400 cm.~' in the [(oxalate)Co(OH)];
complex to the bridging OH stretching vibration.
Scargill'" reported OH stretching bands in the 3200~
3500 cm. ! region in hydroxo complexes of ruthenium.
In several hydroxides the vibration has been recorded

(16) K. Nakamoto, ‘“Infrared Spectra of Inorganic and Coordination
Compounds,”” John Wiley and Sons, New York, N. Y., 1963, and personal

communication.
(17) D. Scargill, J. Chem. Soc., 4440 (1961).

Inorganic Chewmistry

TaBLE III
SUGGESTED ASSIGNMENTS FOR THE OH, Cu-O, aND Cu-N
STRETCHES IN CoPPER COMPOUNDS (cM. 1)

Asym. Asym.
Cu-O Cu-N

Compd. OH str. str.® str.®
bipy C L. o
A 3440 490 269
B 3430 478 268
C 3440 490 267
D 3440 490 277
E 3550 494 271
F 3430 489 268
G 3515 488 265
H 3601 490 278
phen RN Co e
I 3400 480 302
T 3480 498 301
K 3350 492 300
L 3400, 3340 480 303
M 3400 482 300
N 3525 482 291
CuS043Cu(OH ),!® 3586, 3564
3390, 3270
Cu(NO3)e3Cu(OH ),p'? 3543, 3522
3428

@ Strongest band in this region. The symbols in column 1 cor-

responds to those used in Table I.

T

/"\'f\/\ “ |

D,m..d‘,??’w\\

[bipy) CutOH)]p S04 SHa0

Non-deuterated

1000 900 800
em~!

Figure 1.—Comparison of spectra of nondeuterated and deuter-
ated [(bipy)Cu(OH)],S04- 5H,0; Nujol mull spectra.

at 3500-3700 cm.~L18  Tarte!® reports the OH vibra-
tion in basic copper salts also in this region.

The comparison of the deuterated and nondeuterated
spectra of [(bipy)Cu(OH) ;SO45H,0 is shown in Figure
1. The band at 955 cm.~! in the nondeuterated form
shifts to 710 cm.—! upon deuteration. The ratio of
these bands is 1.34, which is what one expects for a
deuterium shift. Support for the assignment of the
bending OH vibration in this compound at 955 cm.™!
comes from Nakamoto,’® who reported the OH ab-
sorption in [(oxalate)Co(OH)]; at about 1090 cm. .
In addition the bending OH vibrations in basic copper
compounds? are reported in the region 1000-677
cm. L

The 1000-1600 Cm.~ ' Region.—New bands are ob-
served at about 1600, 1490, and 1470 cm.~! upon chela-

(18) M. Cabannes-Ott, Compi. rend., 242, 355 (1956).
(19) P. Tarte, Spectrochim. Acta, 18, 107 (1958).
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tion of 2,2’-bipyridyl to copper. These are absorptions
involving the ring C-C and C-N vibrations of the
bipyridyl® and are observed at lower frequencies
in the uncomplexed ligand. The water bending vibra-
tion occurs at about 1630 cm.—*! as a shoulder to the
strong band at about 1600 cm.—!. Additional bands
are found in the 1310-1325 cm.—! region, at 1160 cm. ™},
and in the 1013-1030 cm.—* region. The absorption
in the 1000 cm.—! region has been assigned® to the
pyridine breathing mode in the uncomplexed bipyridyl.
Upon chelation the band shifts to higher frequency and
intensifies. Sinha® has made similar observations on
related complexes. '

The 700-800 Cm.~! Region.—Upon chelation split-
ting of the out-of-plane CH bending vibrations at
about 750 cm.—! occurs. Similar splitting has been
observed in related complexes.b%11

Infrared Spectra, 650-70 Cm.—!—One of the fea-
tures of the spectra in this region is strong absorption
at 470-500 cm.™!, which is absent in the bipyridyl
spectrum. In some cases several strong bands are
observed in this region. Considering a D, symmetry
for these molecules having four Cu—O bonds, two infra-
red modes for a Cu—O stretch should be active. One
of these can be considered to be close to an asymmetric
stretch, while the other would be close to a symmetric
stretch. The two other modes would be Raman active.
Every copper compound containing the proposed hy-
droxy bridge shows these absorptions, while copper
complexes of 2,2'-bipyridyl without hydroxy bridging
fail to show absorption in this region.'4?! Further,
in a hydroxy-bridged complex of chromium the band
has shifted to 550 cm. ™!, indicating that this is a metal-
sensitive vibration.! The strongest absorption in the
500 cm. ! region is suggested as being due to the asym-
metric Cu~O vibration. The weaker vibrations in this
region may be associated with the symmetric Cu-O
vibration. Cupric oxide also shows absorption in this
region.?? Absorptions in the 500 cm. ! region are also
found in basic copper salts.’ McWhinnie!* has re-
cently assigned the Cu-O vibration at about 500 cm.™!
in related hydroxy-bridged copper compounds. Other
weak to medium absorptions are found in the region
from 430 to 590 cm. ™%, and the nature of these is un-
known.

Another region of interest is the 260270 cm.~?! re-
gion, where a strong band appears in the complexes
which is absent in 2,2’-bipyridyl. The band appears to
be fairly constant. This band is suggested as the asym-
metric Cu—N stretching vibration, and evidence for this
assignment is found in recent publications.!!—1423 The
Cu—N vibration for the complex Cu(bipy);(NOj), was
found at 297 cm.—L!' In transition metal-amine
complexes, where the metal is divalent, the metal-N
stretch is found in the 300 cm.—? region.?® In an in-
vestigation of complexes of Cu(II) and heterocyclic

(20) A. R. Katritzky, Quart. Rev. (London), 18, 353 (1959).

(21) J. R, Ferraro, unpublished data.

(22) N. T. McDevitt and W. L., Baun, Technical Documentary Report

RTD-TDR-63-4172, Wright-Patterson Air Force Base, 1964.
(28) L. Sacconi, A. Sabatini, and P. Gans, Inorg. Chem., 8, 1772 (1964).
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bases,*® the Cu-N vibration was assigned at about 254
cem. ). Similar assignments in the 250 cm.™! region
for the Cu-N vibration have been made by McWhin-
nie.* Absorption is also found in the region of 200-240
cm. ™!, which may be associated with the symmetric
Cu~-N vibration, since again as in the Cu-O vibration
two Cu-N vibrations are expected in the infrared.
Table III tabulates the suggested Cu-O and Cu-N
assignments made for the various compounds.

The bipyridyl band at about 404 cm.—! shifts to
higher frequency upon chelation. Slight shifts are also
noted for the 657 and 622 cm. ! bands of 2,2’-bipyridyl.

The bipyridyl complexes are free of absorption from
230 to 170 cm.~1, except for the complex [(bipy)Cu-
(OH)PF;],:2H;0, which has absorption in the 200 cm,—!
region, and [(bipy)Cu(OH) :504-5H,0, which has some
weak absorptions at <200 cm.~!, with the strongest
absorption occurring at 192 cm.~!. The nature of
these bands is not definitely known, although the
N-M-N bending vibration should occur in this region
and has been reported at 180 cm.™! in related com-
plexes.13

Lower frequency bands are also observed at 115 and
150 em.~!. The ligand 2,2’-bipyridyl shows absorp-
tions at 98 and 164 cm. 1.

Anion Spectra.—The anion environment in these
complexes is of interest. In aqueous solutions the
complexes gave molecular conductivities normal for
bi-univalent electrolytes.? In the solid state it is quite
possible that some perturbation of the anions could
occur. In Table IV are recorded all of the anion ab-
sorptions. In the dipyridyl compounds involving sul-
fate and perchlorate some lowering of symmetry ap-
pears to have taken place, since some splitting of de-
generate vibrations and the appearance of forbidden
frequencies occurs.?%% The complex [(bipy)Cu-
(OH) ,(SCN)2'H,0O shows C=N absorption at 2115
and 2080 cm. ! which can be associated with terminal
thiocyanate groups.®~2 TFor the halide compounds,
no conclusive evidence for Cu-halide vibrations could be
found.

TaABLE IV

ANION ABSORPTIONS IN HYDROXY-BRIDGED COPPER(II)
CompoUNDS (cM. ~1)

1120 (s), 1090 (vs), 1065 (vs), 1030 (s), 618 (vs)
1100 (sh), 1080 (vs), 800 (m), 620 (vs), 433 (m)
324 (s), 152 (vvw)

2115 (w), 2080 (s), 468 (m)

830 (vs), 560 (s)

1075 (vs), 1043 (vs), 1030 (vs), 620 (vs)

1100 (vs), 1058 (s), 1082 (m), 920 (vw), 622 (vs)
2117 (1), 2089 (s), 465 (m)

Zo-mo"g»

PtCl, Compound.—In the complex {(bipy)Cu(OH) ].-
PtCl:3H:O a strong band is observed at 324 cm.—!
which is probably the PtCl stretching vibration.

(24) J. R. Ferraro and A. Walker, J. Chem. Phys., 42, 1278 (1965).

(25) B.J. Hathaway and A. E. Underhill, J. Chem, Soc., 3091 (1861).

(26) P. C. H. Mitchell and R. J. P. Williams, bid., 1912 (1920).

(27) J. Chatt, L. A. Duncanson, F. A. Hart, and P. G. Owston, Nature,
181, 43 (1958).

(28) J. Chatt and L. A. Duncanson, £bid., 178, 997 (1956).
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Figure 2.—Comparison of spectra of nondeuterated and deuter-
ated [(phen)Cu(OH)],ClO4; Nujol mull spectra.

This band can be assigned to the »¢(E,,) frequency in the
Dy symmetry. For some M,PtCl, salts a strong infra-
red vibration is found at about 320 cm.—1.2% The
absorption at 152 cm.—! can be assigned to either »
(Ezu) or V2<AAZU).29’3O ‘

PF; Compound.—In the complex [(bipy)Cu(OH)-
PF]p2HO very strong bands appear at 830 and 560
cm.~! which are probably associated with the PFg ion.
Additional bands are observed in the 200 cm. ~? region,
which are not observed in the other complexes. The
band at 830 cm.~! can be assigned to the »3(Fy,) fre-
quency and the 560 cm. ! band to »4(Fyy) in the Op sym-
metry of the PF; anion.?.%* Ebsworth®? reports in-
frared bands for PF¢~ at 845 and 559 cm. =L

1,10-Phenanthroline Complexes

OH Vibration.—The positions of the OH stretching
in the bridging OH groups in the 1,10-phenanthroline
complexes are shown in Table ITI. It can be observed
that the vibration appears in the same region as in the
2,2'-bipyridyl complexes. A comparison of the deu-
terated and nondeuterated spectra for [(phen)Cu(OH)-
ClO,); is made in Figure 2. The OH stretching vibra-
tion, which is a doublet at about 3400 and 3350 c¢m. !
in the nondeuterated form, shifts to 2622 and 2600 cm. !
in the deuterated form. This shift is consistent with
deuteration of an OH group.

1000-1600 Cm.—! Region.—The spectra in the 1500~
1600 cm. —! region differ very little from the unchelated
ligand spectra. These results are different from those
observed for the 2,2'-bipyridyl complexes. The 1499
cm.~! band in 1,10-phenanthroline appears to shift to
higher frequency to 1506-1515 cm.~!. A new absorp-
tion also occurs on chelation at about 1150 ¢cm.—!. In
addition, a medium band appears at about 870 cm.?

(29) A. M. Adams and H. A, Gebbie, Spectrochim. Acta, 19, 925 (1983).

(30) A. Sabatini, L. Sacconi, and V. Schettino, Inorg. Chem., 8, 1775
(1964).

(31) L. A, Woodward and L. E. Anderson, J. Inorg. Nucl. Chem., 8, 326
O%Zg; J. Gaunt, Trans. Faraday Soc., 49, 1122 (1953).

(33) E. A. V. Ebsworth in “Infrared Spectroscopy and Molecular Struc-

ture ¥ M. Davies. Ed.. Elsevier Publishing Company, New York, N. Y,
1963.
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in the complexes, whereas only a shoulder is present in
the ligand itself.

700-800 Cm. ! Region.—Splitting of the out-of-
plane OH vibration again occurs in this region, although
1,10-phenanthroline itself shows splitting in the region.
The spectra do not change upon chelation for the 1,10-
phenanthroline complexes as much as is observed for
the 2,2’-bipyridyl complexes. The strongest band in
this region for 1,10-phenanthroline is at 734 cm.— !
For most of the complexes it is shifted toward lower
frequencies to about 720 cm.—!. Similar shifts have
been observed in related complexes.”

Infrared Spectra, 650-70 Cm.~!—As with the 2,2’-
bipyridyl complexes several strong bands appear in the
480-500 cm. ! region upon chelation, and the strong-
est band is suggested as the asymmetric Cu—-O stretch-
ing vibration in the bridge. The other bands may be
associated with the symmetric Cu-O vibration. Also
a new, rather constant, band is observed at about 300
cm. ~!which is absent in 1,10-phenanthroline, and this is
suggested as the asymmetric Cu-N stretching vibra-
tion. Table IIT lists the suggested Cu—O and Cu-N
frequencies. The asymmetric Cu-N frequency in the
1,10-phenanthroline complexes appears at higher fre-
quency than that observed for the 2,2'-bipyridyl com-
plexes and might indicate that the Cu-phenanthroline
bond is stronger than the Cu-bipyridyl bond. Stabil-
ity constants for Cu(II)-phenanthroline complexes
have been found to be greater than those for Cu(II)-
bipyridyl complexes.3%%  Additional absorption is
found in the 250-290 cm.™! regions and might be
attributed to the symmetric infrared-active Cu-N
stretching vibrations. The 404 cm. ~!band in 1,10-phen-
anthroline shifts to higher frequency to about 430 cm. !
upon chelation. A weak to medium absorption is also
observed at about 200 cm.~! which is absent in 1,10-
phenanthroline. The N-M-N bending vibration might
be expected to occur in this region. The bending vibra-
tion of Cu—N has been assigned at about 180 cm.~? in
complexes of Cu(II) and heterocyclic bases.!?

Anion Spectra.—The anion absorptions in the 1,10-
phenanthroline complexes are listed in Table IV. Some
lowering of symmetry appears also to have occurred in
the copper—phenanthroline compounds with sulfate
and perchlorate. The thiocyanate ligand appears to
exist as a terminal group in these complexes. No con-
clusive evidence was found for copper—halide vibrations
in these compounds.

From the infrared spectra no conclusive evidernce was
found for coordination of the water in these complexes.
The broad absorptions corresponding to the librational
modes of coordinated water, such as the rocking motion,
wag, and (Cu—O)H, stretching vibration found at about
875, 535, and 440 cm.™?! are not observed.® However,
the presence of coordinated water cannot be entirely
discounted.
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