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ABSTRACT

Crystals fitting the formula [(CH3)3NH]MxMi_XC13o2H20 where M and

M' represent the divalent ions of the first row transition metals Mn,
Fe, Co, Ni and Cu have been found to be striking examples of pleo-
chroism.  Because these highly colored crystals possess orthorhombic
symmetry, their unit cell axes are easily oriented with respect to the
electric vector in polarized light. Through observations of the pola-
rized crystal spectra coupled with group theoretical calculations,
energy level diagrams have been constructed for the various ions 1’n‘D2h
symmetry. In order to explain all the observed peaks transition .
moment integrals for both electric and magnetic dipole transitions had
to be considered. In addition to the spectral work cell parameters
for the previousTy unpublished pure Fe and Ni analogs have been deter-
mined using a Supper precession camera. Analyses of the mixed crys-
tals for individual metal content established the relative ease with
which these ions were incorporated into the lattice site.




1
INTRODUCT ION

The history of a}kylammonium chlorometallates, as it appears in the
scientific literature, dates as far back as 1908.at.which time Groth (1)
published his work on-the.copper(II) salt [(CH3)3NH]CuC13-2H20. This
i§ one member, although a hydrated one, of a §eries of ‘compounds |

represented by the general formula:

Am X
. where Am = an ammonium salt
M = a metal
X = a halogen ‘
n = an integer such that l's ﬁ s 4

In 1933 Remy and Laves (2) prepared a lafge number of these salts using.
various alkylamine hydrochlorides and copper(II) chloride as sfarting
materials.  For the most part their work, like Groth's, was prepara-.
. tive and descriptive. Except for the preceding papers, there is a
dearth of literature concerning this series until the 1960's. Research
interest in these salts was renewed at this time for a number of rea-
soﬁs.- Instrumehta] technology had caught up with_theory in the areas
- of magnetics and spectfbscoﬁy, and the structures of these compounds be-
came the focus of.jncféased interest. Good crystals of these salts
‘were easily prepared, and thus the series brovided a convenient source
of material for teﬁting existiné theories.

_ In recent years there has been cohsideréb]e ihterest in compounds
whichjcbntain metals with unpaired d electrons and which are composed
of linear chains and 1ayefs held together primarily by hydfogen bonding

and van der Waals forces.. Some of these serve as exceilent experimental




2
models of one~ and two-dimensional magnetic systems; Tlow temperature
heat capacity and susceptibility data have been obtained on such com-
pounds and fitted to various theoretical models.
As experimental data accumulated on this series,'it Was discovered
that some members displayed a property“known as thermochromism. fﬁ
1968 Day (3) published a paper in which he defined thermochromism as
"the reversible change in color of a compound whén it is_heatgd or _
'coo]ed" and went oﬁ to review the existing literature on such compounds:
Thermochromism can be classified as eithgr continuous or discontinuous.
.In the former the color change is gradual and is due to the temperature
dependence of the 1ine widths of the absotptioh bands. In discontin-
Qous thermochromism, which is more interesting chemically, there is a
sharp color change corrésponding to some characteristic. temperature.
This is due to a change in coordination.geometry'or iigand connectivity
which results in an energy shift of the'visible_absorption-bands. ﬁemy
and Laves (3) had noted that some of their copper(II} salts were ther- -
mochromic,.but beginning in 1964, Wiliett wss.among the first to_exp]ofe'
the underlying causes of these observed color changes. _In 1974 he pub-
Tished a paper (4) in which he described two members of the following -
series which were excellent exampies of discontinuous thermochromism:
Am,CuCl, _
where Am = (CHg),CHNH5" or IPA -
= (C,Hg) NH," or DEA
Crystals of both of these salts are gkeen at room tempefature and upon
héating undergo an abrupt color change to yellow; the DEAéCuCi4 chéhggs :
at 43°C and the IPA,CUCl, changes at 56°C.. Differential thermal
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analysis data and near'IR spectna above and below the trdnsition tempen-
ature suggest a change in coordination geometry of the CuC]4 species.
Compar1son of these spectra with those of known structures 1nd1cated a
square planar geometry for the low temperature structure and a flattened
tetrahedra]'geometry for the high temperefure structure. This work nas
recent]y'oeen‘extended‘to the IPACuC13 salt (5)’which_changes'from
brown to orange at 51°C.  The corresponding structural shift is from
bibridged linear chains of the dimer Cu,Clg™ to tribnidged.chains of
(Cuq13)2'. In conjunction with the interest in the magnetics of these
'systems, EPR and susceptibiTity data were collected along with the |
structural information. |

Interest in the oeometry, structure and related proper;ies‘of,the
salts in this particu]ar series led to the synthesis of a wide variety
of orysta1s In the course’ of these 1nvestigat1ons some similar com-
pounds were discovered which had a 511ght1y different stoichiometry than
the one'previous1y oited. ‘One such c]assfof compounds which received
attention is characterized by the formula:

| TMA3M2c17
where TMA = trimethylammonium, (CH3)3NH+

Members of this series for which M = Mn and Cu'hane been prepared and
studied (6,7). In fhfs structure the divalent metai jons exist in two -
different environments; one is oharacterized oy chains of face-sharing
MC]S octahedra, the other by discrete MQ14= tetrohedra. This struc- |

tural arrangement is illustrated in Figure 1.
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Figure 1 The Two Metal Sites in TMA3M2C17

The existence of two different sites in such a system leads quite
logically to an attempt to grow salts with a different metal in each of
the sites. Mn(II) and Cu(II) will readily adopt either coordination,
but other first row transition metals are not so flexible. For example,
Co(II) and Zn(II) prefer the tetrahedral geometry in MC14= whereas
cations such as Ni(II) and Cd(II) form the octahedral chains more read-
ily. Clay, et. al., (7) attempted to grow the mixed metal salt with
the formula TMA3CoCuC]7 where Co(II) was expected to accupy the tetra-
hedral site. Continuous solid solutions were obtained rather than a
single product with the desired stoichiometry. Other than this paper,

nothing further appears in the literature in reference to mixed metal




salts of this particular series.

The existence of two differently cdordinated metal sites within a
single structu}e is a rather unusual occurrence. The question arises
as to whether, under the-apbrOpriate conditions, various metals: couid
be forced to assume their preferred géeometries in sdch a system. This
research began as an effort to prepare such crystals with the stoiéhiom;
~etry TMABMM'C17 where trimethylamine hydrochloride gnd the six'possib1e
pairs from the divalent ch16rides of Mn, Co,'Ni.and Cu were used as
starting material. When attempts to grow these‘mixed meta]lsaltshfrom -
stoichiometric amounts in anhydrous solutions of méﬁhano] and ethanol

proved unsuccessful, the syntheses were performed in aquéous solution.
Qualitative analyses of the crystals obtained from the latter procedure
indicated that both metals were present %n each pair. However, quanti—
“tative analyses a]oné with precession photographs of the Mn-Co analog
subsequently showed it to be isomorphic with the compound TMAMnC13-éH20. ‘
A mixed metal‘product had indeed been prepared, but not one with the
desired two-site structure. '

The crystals which had been grown had the same stoichiometry as the
Cu(II) salt studied by Groth in 1908 (1)s these are the‘hydrated mem«-
bérs of the series first pfepared and studied by Remy and Laves (2).

A Titerature search revealed that for this hydrated geries crysta]é con-
téjning Mn, Co &nd Cu had been studjed in détai], again.in connectioﬁ
with‘their structural . arid magnetic properties. Historiéa]iy, the Cu
‘salt wés prepared first;. its crystal structure was the first to be elu-
cidated and.thére is the most inforhation oh this compqund in'the lit-

erature (8).5 Heat capacity and susceptibility measurements havé also
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been made on both the Cu and Co ané]ogs (8,9); only structural wofk has

been done on the Mn member of this series (10). Of these three'ga]ts,

the Mn and Co analogs are isomorphic; they are ofthorhombic and belong - | o
to the Pnma space group. The Cu analog is monoc]inic as Groth origin-

Aa]]y reported, and its space group is P21/c Cell dimensions and the

space. group for theése compounds are reported in Tab]e I.

Table I
Cell Dimensions and Space Group for TMAMC13-2H20 Salts
a(A) b (A) ¢ (A Group
TMAMACT 5- 2H,0 16.779(3) 7.434(1) 8.227(1)  Pnma
TMACOCT - 2H,0 16.671(3) 7.273(1) 8.113(2) . Pnma
TMACUCT 5- 2H,0 7.479(10) 7.864(11)  16.730(23)  P2;/c

The names of these salts are indicative of their structure; for ‘
"example, the manganese analog ié named frimethy1amﬁonium catena~-di-u-
chlorodiaquomanganese(II) chloride. Its stfucture is composed of in-'
finite chains of edQe-;haring Mnc14(H20)2 octahedra which run parallel
| to the b axis with bridging C1 atoms and 0 atoms in the trans positions.
The chains are hydrogen bonded along tHe ¢ axis through the free Cl'
anions; the tr1methy1ammon1um cat1ons 1ie between the p]anes of hydro-
gen bonded chains. - The coba1t structure is complete]y analogous to
- this; the only differences occur in the cell dimensions due to the
slightly smaller crystal ionic radius of the divalent coba1t7

Figure 2 on the following page is a view along the a axis of the

unit cell of the TMAMnC13-2H20‘saTt. The chains lie along the b




Figure 2 Unit Cell of TMAMnC13~2H20 in the b-c Plane
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crystallographic axis and are hydrogen bonded in the ¢ direction.

In the copper(II) salt distortion of the. CuC14(H 0)2 octahedra re-
su]ts in a slightly d1fferent packing arrangement wh1ch 1s suff1c1ent to.
force th1s analog of the series into a different space group. By con— |
ventional choice of axés in -the monoclinic Pél/c group; the chains now
run parallel to a rather than Q;as in the orthorhombic.cell.. iHowever,',
the bonding patterns remain the same. - Two of the goordinatéd C];atoms
are .found at a slightly greatef distance'from’the éentra]VCu atom than
are the kemaining four atoms of the coordination sphere.  Although one
angle is ﬁow di;tortéd from 90°, the chain§ remaih edge-shargd with
hydrogen bonding and van dgr Waals forces still in effect.’

A11 of the work done on the trimethylammonium chlorometallate ser~
ies has been with thesé three pure metal combounds. A look at the'per-
iodic table raises the question, can the pattern-be completed? That is
to say, can the Fe(II), Ni(II) and Zn(II) analogs be pfepared, and will
they adopt one of the above structures? Table II‘1ists the metal atoms
of interest along with their electron configurations and crysta] ioni;
radii. The values of the radii are those reported by Shannon and
Prewitt (11). A

Synthesis of the series TMAM M!_ C1,-2H,0, although- inadvertent,
yielded some intriguing observations on the chemical and optical propér—
ties of the pairs as compared to the puré metal énd members. ~ Since fhe
mixed metal crysfals in this series wefe easily grown, it was dgemed |
worthwhile to pursué the hydrated single-site metal bair~system'in some
detail.

There are several aspects of this series whiéh merit attention.
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Table II

0

Information on Metals of. Interest for the Series TMAMxMi_XC13-2H2

Metal ' a b

C
Mn(11) 3d° 0.82 . Prma
Fe(11) 3d° . 0.78 Pnma*
Co(11) 3d’ 0.74 Pnma
Ni(1D) 3d 0.70 . Prma*
Cu(11) 3d° 073 P2,/c
n(11) 3% . o.75 2
cd(11) 410 0.95 2

column a outer shell configuration

o
column b crystal ionic radii (A) for high spin six coordinate complex
column ¢ space group, asterisk signifies compound not reported in the

literature

Composition and structuhe are two of the areas which.were investigated
in this work. These propetties are of particu]ah interest in the Cu-
containing crystals sincehthe pure Cu ana]og has a different structure
than the other members of the series. Exam1nat1on of the Cu subseries
.to ascerta1n whether these compounds crysta111ze as the monoclinic P21/c,
orthorhombic Pnma or perhaps some new structure was one of the goals of
thie research. Crysta]s of the Fe and Ni hemberé of this series were
also synthes1zed and the1r structures determined to see if they followed

the existing trend 1nd1cated by the Mn and Co salts.
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These compounds also exhibit a phenomenon known as dichroism, a
property of crystals which is dis;ussed at length in a later sectfon..
Briefly, thgy disp1ay two different colors depending on their spatial
_orientation. This dichroism is not to be confused with the discontin;
uous thérmochromism mentioned earlier. Thé color change observed in
the latter usually involves a structuraf shift and is temperature depen-
dent while the colors in the formef are a'result of the'optical prOpek-.
tie§ of the crystal and are both visib]erat'room~temperature. The
presence of two metals seems to enhance this effect, as the mixed metal
salts are much more‘strohgly dichroic than are the pure metal end mem-
bers of this series.

For dichroism to be observable in this chlorometallate series, _
absorption bands must be présent in the visible région of the electro-
magnetic spectrum.  In conjunction with the optical propertiés mani fes-
ted by these crystals, spectral data were co]]ectéd in both polarized
and unpolarized light in order-to gain a greater understanding of what
governingvfactors control the colors displayed by the various mixed:
metal salts. The question:.as to whether metal-metal interactions could
occur in the mixed metal éombpunds, thus giving rise to the striking di-
chroism of these crystals, was addressed and a careful compariéon’pf the
relative intensities and locations of absorption bands fﬁ'various mem-

bers of the series was made.
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EXPERIMENTAL METHODS

SYNTHESES

Crystals of salts fitﬁing thefformu]a TMAMXMi_xCI3-éHZQ were' grown
' for;eiéht of the ten possib1e'combinatiohs of the firsf row transition
elements from Mn to Cu,inclusive.- The pure end members, x = 0, wére
prepared by dissolving equimolar quanfifies of the divalent metal chlor-
ides and trimethy]amineihydroch]oride ih a minimal amount of water and
é]Towing’the aqueous éolution to slowly eVaporate. The crysta]s‘which
contained metal pairs were prepared by mixing varying mole fréctions 4
from y = 0.2 to x = 0.8 of the meté](li) ch]oride§ with a stoichiometric
amount of~thé TMA solution and again merely letting the solution evap-
orate slowly. | ' o

It is characteristic of the mixed metal series that the crystals do
not grow with the same stoichiometry as that of the original solution. '
If a crystal such as TMAMng Cuy C14-2H,0 is desired, the starting

solution must have a xy. = 0.65 in order to produce a solid with

»s01n
XMn,xtal = 0.50. The mole fraction fohnd‘in the crystal yg_that found
in the starting solution will be tabulated for the.individué1 series and
- discussed in a later secfion.v

Petri dishes of various sizes and~§urf§ce areas were utilized;

practice with the rate of evaporation eventually 1gd to the optimum -

methods of obtaining crystals of the desired size and quality. Even

after much practice, though, there oftentimes seemed to be as much luck

as skill involved in the process.
As these salts are eXtreme]y soluble fn water, the solutions were

sometimes quite viscous before crystals pegan to grow. This solubility
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made it impossible to obtain crystals of this series containing only Zn
which has a filled 3d subshell or calcium with an empty 3d subshe]l
Attempts to grow the pure Cd analog y1e1ded the anhydrous sa]t
TMACACT 5. _

‘Addition of excess chloride in the form of concentnated HC1 to the
solutions of the pure Co.and Co-Ni mixtures resulted in the formation
of larger crystals in these systems in a shorter period of time. Thjs'
same effect was noted as a general rule for. the other salts as we]l;

' No special nrecautions.were taken in the syntheses of the Mn, Co,
Ni or Cu containing salts, but in the case of the Fe(II) salt and'any _
mixture in the subseries containing this metal, air oxidation proved to
be a problem. Solutions of iron(II) chloride were prepared from the
hydrate, the anhydrous salt and from iron wire dissolved in concentra-
"~ ted HC1. Because iron(II) is not very.stabie in air, there is the
pnssibility that some iron(III) is present in solutions nade from the
jron(1I) sélts, For this reason the most reliable syntheses of thé Fe -
subseries were those done using the solutions of ?e(II) prepared'frdm_
the iron wire. In order to obtain good quality crystals of the pure
Fe analog and its mixed metal subseries, the starting solutions were_
placed in a vacuum desiccator containing concentrated H2504 as the
desiccant and an 1nert nitrogen atmOSphere A successful synthes1s of
the Fe-Cu mixed salt with the proper sto1ch1ometry was hever accom-
plished, presumably because 6f the high probability of a redox reaction
occurring between these two metals when both are present in the +2- ox-
idation state. The Fe-Co analog was also not prepared.- The crystals

contéining iron were collected and stored under a nitrogen atmosphere.
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Upon exposure to air the pure Fe end member began to show signs of de-
terioration in about a week, undergoing a color change from very_pé]e

yellow/green to amber and beginning to Took wet.
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 ANALYSES

Once suitable crystals of varying mpTe fraction had been prepared,
_the next step undertaken involved determination of the actha] stoichi-
omethy. Qualitative analyses of each batch indicated that both metals
were present; quantitative measurements were then necessary to deter-
mine whether the mole fractions found in the crystal showed any rela-
tionship to that in- the solution from which it was grown. Because
only a limited amount of these crysia]s was avai]abTeQ under five grams
in most cases, all samples were. weighed on an M5 miﬁrobalance ahd all
titrations were performed with a 1.0- or 2.5-ml hicroburet. '
. The chloride content was determined by Fajan's method (12), i.e.
titration of C1” with AgNO, using dich]orofiuorescein, DCF™, as the
indicator. The AgCl precipitafe exists as a White.colloid and adsorp-
'tion‘of the indicator anion, DCF”, at the endpoint causes<a color
change in the precipitate from white té pink. In dilute solutions the
AgC1 will coagulate as well as change color. The DCF™ in solution is
yellow-green aﬁd this may.somewhat mask the white colloidal AgCl prior
to the endpoint. In order to keep the suspension highly diépersed,
and thus the color change more visible, dextrin is sometimes added.
If thé analysis fs done at the micro lével, this work indfcatéd that
the AgNO3 titrant should be sténdardized with and without the dextrin
present to make certain that this reagent does not interfere.

- The chloride ana]yses were used to characterize the pure meta]
salts and to estab11sh that their sto1ch1ometry and that of the m1xed
metal salts as well were indeed correct. Table III 1ists’the %Cl

found and compares these values to those calculated for the pure
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compounds of fhe series TMAMXMi_xC13-2H20. In the early stages of

. this work characteri;atiop of the mixed metal compounds by their chlor-
ide content was considered, since these analyses can be performed with a
relative precision of two or three parts per thousand, ppt. However,
it was subsequently determined that.this syétem is actually a 5011d'so-
lution whose composition‘can'be controlled only within a certain range..
The growth of any one batch of crystals with a given stojéhiometfy has
an inherent error-of as much as 50 ppt relative in its metal éomposition.
The.magnjtude of this variation within the crystals grown from one syn-
thesis makes it impossible to utilize the small changes whiéh occur in
the %C1 determination to .calculate an aécurate weighted average_of'thé.
two metals present. Since the mole fractioh of the metals present in
these crysta]é was of particular interest, other analytical techniques

had to be considered.

Table III

Chloride and Metal Content of the Serjes TMAMC] »2H’0

372

: ' : ' - Molar
M %C1 Found - %C1 Calculated %M Found %M Calculated Ratio

Mn  41.50 41.32 21.46 21.34 2.997
Fe — a7 — 21.62 —_—
Co — 40.68 — 22.54- —
NI 40.21 40.72 21.77 22.48  3.059

Cu . 40.53 39,98 - - 24.41 23.89  2.976
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. Included in Tab]e-iII are the molar ratios of chloride to metal for
each of the pure compounds éna]yzed. These values are quite close to |
the expécted value of 3.000 which indicates that the crystals were ac-
tually the desired structure and stoichiometry. The chloride,confent_
was not determined for the Fe and Co members of this series since X-ray
data showed these crystals to also be fhe orrthorhombic Pnma structure.

Because of the Widevrangé of ho1e fractions involved in . any oﬁe
metal pair subseries, methods of analyses had to be developed not only to
determine the metals in question, but also to determine them in the pres-
ence of one andther,in'a single sample: It is possible to deterﬁine a}]
of the métals used in this series, Mn, Fe, Co, Ni and Zn, as well as Cﬁ, .
complexometrically utilizing EDTA as the titrant (13).- EDfA is an ex-
tremely versatile reagent, forming stable, soluble stdichiometrié com- '
plexes with most metal ions, including all of thoée listed above. This
very versatility, which makes EDTA such a valuable titranf, becomes a
problem when selectivity is desired; in all pairs in question the metals
will ihterfere with ohe another and conditions and reagents must be very-
;érefu]]y selected in brder to obtain reliable data on individual metal
ébntent. By Jjudicious uti]izatidn.of masking agents, back titrations
and redox feactions, var%ous techniques were pafched~together making'it
‘possible to titrate both metals in one sahp]e for an& of the pairs which
did not contain Fe(II). Before deécribing the procedures uéedfin;the
mixéd meta]'ana]yses; the simpler methods of titrating a single meta1 ion
as in the puré éa]ts will be discussed. ‘
Cu may be determined by forming the amminé complex and titrating

‘with EDTA using murexide as the jndicatof (13-16).  The EDTA was
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standardized against both Cu and Zn solutions prepared by diéso]ving the
respective metal in acid. Welcher (13) recommends a saturated solution
of the myYexide;-butAE1beih (14) uses a powdered mixture'pf the indicator
and NaCl. Previous work in this Tab (15) suggests that the latter |
method produces a more satisfactory endpoint. E]beih‘reporté good re-
§u1ts when titrating 25-100 pg of metal, but found that for samples |
_containing less than 25 ug\fhe endpoint became indistinct. |

The copber content can also be determihed iodometricaj]y'using
NaéSZO3vas the titrant (17); A Standérdizations done using eithér Cu
ribbon or K20r207 did not give re]iabTe.resu1ts at the micro level;
. therefore, KIO3 was ultimately chosen as the primary standard to deter-
mine.the concentration of the titrant. The Cu containing crystals were
dissolved in doub]y distilled water, buffered with NH,HF, and titrated
to the starch endpoint{ To prevént the endpoint from drifting due t6
the adsorption of free Iz'on ﬁhe Cu212 précipitate, KSCN was added after |
the starch. Titrations of the pure Cu salt without.KSCN gave the same -
results, but reqﬁired more time. o |

In comparative titrations both the complexometric and the iodomet-
ric methods yielded the same results; to avoid interferencé problems
the latter method was chosen for the Cu analyses of tﬁe'mixed meté]'
salts, since it is specific for the Cd(II) jon.

Sémp]es containing only Ni were titrated wfth EDTA by the same
procedure described above for Cu (13,14).
| The Co titrations performed with EﬂTA,aisp utilized the murexidé
indicator prepared in so1id form as describea above. vwe1cher (13)

provides a fairly detailed procedure for this titration;  additional
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information appears in Houk's thesis previously cited (15).  The pH
must be controlled very carefully in this titration in order to obtain
_ the.correct color change-at the endpoint. - The éasfesf Way to dé this. -
was 'to add acetic acid or ammonium hydroxidé as needed to maintain a
yé110w Eo]br prior to the endpoint; after:the‘endpointitheyso]utfon'
rémains purple regard}esglof thelamount of'agid or bése'addéd. The
Co titration may aiso be performed as a back titration using Eriochrome
Black T (EBT) as the indicator at a pH of 10 .(18). '

The Mn determinatioﬁ in the pure sa]t»was done following the pro-
Cedure outlined by Welcher (13) except thét the Zn0 and KCN were not
| added as there were no other metals present to interfere. Ascorbic aﬁid
or hydroxylamine hydrochloride must be added to prevent the oxidation'df
Mn(1I). The system is buffered at pH = 10; the indicator in this ti-
tfation is again EBT in the solid form. The Mn(II) ion may thus be
titrated directly or an excess of EDTA may be added and a bdck titration _
" performed with a standard Zn solution. |

| The same basic methods uéed to titrate the pure metal compounds

were utilized in the mixed salt analyses with some modifications to pre- .
vent any interferences. In the Cu containihg subse?iés thg Mﬁ-Cu,
Co-Cu and Ni-Cu pairs were first analyzed for Cu,iodpmetrica11y.', After
the CU'conient was determined, the Co-Cu and Ni-Cu pairs were titrated
with EDTA for total metal content fo]]oﬁing the prbcedure described for
thehpure Cu salt. In the Mn-Cu subseries the Mn was subsequenfly ti- -
trated as in the pure salt except -that KCN was added to form the Cu(CN)2
comp]ex thus preventing the Cu ion from interfering. |

In the Mn-Co and Mn-Ni,subseries total meta]lwas found first, KCN
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was added to mask the Co and Ni. respect1ve1y, and the 11berated EDTA
was titrated with a standard metal solution.

The method described by Welcher (13) for detekmination of both Co
and Ni simultanéously proved impossible to duplicate. A,spectrbphoto-
metric method described by Kratothvi1 and Harris was utilized to find
the mole fractions of these two metals in the Co-Ni subseries (20).

From the titration data the relative solubilities of ‘the metals in

this series can be determined. For example, in the Cu containing sub- -

series, the Cu ion occup1es the metal site of the crystal most readily.
In this part1cu1ar subseries the Cu may be regarded as the solvent; Mn,
Co and Ni are doped into the Cu salt. Mole fractiqn data indicate -

“that the Mn(II) ion is the most soluble and the Ni(II) is the least sol-

uble of the three -solute ions. The Ni analog was the most difficult of -

thehpure compounds “in the entira series for which to gfow crystals and
this trend is reflected in the low solubility of the Ni(II) ion in the
mixed meta] compounds as well.  1In a solution.containing equimolar -
amounts of the two.heta1s'such that Xcu,soin = 0.50, the crystais which
form will have Xeu,xtal = 0.74 for the Mn-Cu salt, 0.96 for the Co-Cu
salt and 0.99 for the Ni-Cu salt. The relationship batween Xsoln and
Xxtal for the Cu qontainihg subseries isApresented in Table IV; a
graphic presentation will be atilized in the discussion of these re-
" sults in a.later section. o _ _

- Table V 1j$t$ the corresponding mole fraction data for the Mn con-
taining subseries. The Cu is more read11y incorporated into the cnys-
tal structure than Mn as was observed in the preceding system; Co

displays a greater solubility than Ni.in,this series as well.
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Table IV  Mole Fractions in Cu Containing Salts

Cu-Mn Subseries Cu-Co Subseries Cu-Ni Subseries

0.8112 (6)

0.9386

XCu, soln XCu, xtal XCu, xtal XCu,_xfa]
0.2000 0.1887(25) 0.4057(50) 0.6814(14)
0.2500 0.2825(19) . 0.6398(12) 0.8489(12)
0.3333 0.5188(44) 0;8330(14) 1
0.5000 0.7500(14) 0.9574(11) 1
0.6667 0;9198(17) 0.9640(24) 1
_0.7500- 0.9830.(2) 6.9825(24) A1
0.8000 0.9785. (2) 1 1
Table V Mole Fractions in-Mn Containing Salts

Mn-Cu Subﬁeries Mn-Co Subseries Mn-Ni.Subseries
XMn, soln XMn, xtal XMn, xtal XMn, xtal "
0.2000 0.0215(89) 0.3973(29) 0.7567(14)
0.2500 0.0170(138) © 0.5181(10) 0.7745 (2)
0.3333 . 0.0802(190) - 0.6310 (3) 0.8704 (6)
0.5000 0.2500(43) 0,7694 (2) . 0.9440 (3) :
0.6667 0.4812(48) 0.8713 (5) 0.9746 (1)
0.7500 0.7175 (8) 0.8321 (4) 0.9608 (4)
0.8000 (5) 0.9757 (1)
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. There is also a change in structure in the Cu containing subseries
which serves to complicate this system. The remaining pairs of all the
subseries retain the orthorhombic structure regardless of metal éompo-
sition and in all cases Ni'displays.the least tendency t6 bé incorpor- -

ated into the crystal site.
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. MORPHOLOGY ANDVSTRUCTURE
Before discussing fhe coTTection of X-ray dafé, the shape or habit

that these crystals adopt Wi]i be described. Taken in conjunction
with the observed dichroism, the hab1t can prov1de 1nformat1on as to
the location of the principal axes in'a crystal. Th1s fac1]1tates thé
mounting and or1entat1on\of individual crystals prior te téking pre-
‘cession photographs. - |

O If no:effort is made to control their size, sfoichiometric prepa- -
rations of the compound§~in this series'yie]d'sma]T acféu]ar crystals
with the needle axis paraliel to the chainidirection. Typiqally, these
crystals are two millimeters or less-in length and about the thickness
of a hair.  Slowgrowth will sometimes produce a-lath-like habit with
dimensions roughly 0.5 x 1.0 x 2-3 mm. :This lath is an external ex-
‘pression of the unit cell and is bounded by (100) and {001); .most of
the structural work with the precession eamera was done_on-crystais with
this habit The needle axis of the 1ath lies a]ong the b crystallo-
' graph1c axis and corresponds to the cha1n direction of the’ MC14(H 0)2
octahedra. In terms of chemical bond]ng and c]eavage, this external
morphology is a ]ogicai 6utgrowth‘of the unit cell of the crystal. The
¢ crystallographic axis is shorter than the g_axis and the grewth'patﬁ
tern of the laths will eometimes reflect this; hoWever, there is no
particular preference for a'crystal to develop a]ong'the E_axie rather\
than along a. The chain axis coincides with the need]e axis of all
crystals except those ih the structure transition regien.

Very 1érge crystals 10-15 mm in length and several mm on a side
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which are grown from solutions containing an excess of C1  develop
random faces; even the needle axis may be difficult to locate in such

habits. Figure 3 shows some of the typical habits for this series.

Figure 3 Some Habits Displayed by the Series TMAMXM XC] «2H,,0

SHg

1-
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Growth 1in odd hab1ts was espec1a11y common for mixed metal crys-
tals which cohta1hed Cu. In these subser1es a structural change from h
the orthorhbmbic Pnma to the monoclinic P21/c must occur at some par-
ticular mole fraction. ‘In'the_transition region chystale bounded by
(101), (101), (110) énd'(lIO) are the typical habit observed; this.is
shown in Figure 3c. 'In such cases it was extremely difficu1i.to lo-
cate the principal axes and to orient the crystal for X-ray wehk“soTely.
by morbho1ogy After mount1ng, the principal direction in such.
crystals was found more or less by trial and error.

Normally, the crystal was mounted with the needle axis coineident
with the akis of the goniometer head and a principal direction located
on the basis of a reflected face. Chysfals with the orthorhombic
structure were found to display two colors depending on orientation;.
the a-b and b-c planes EOu]d be found by_co]or if the.hebit of the crys-
tal did not happen to contain (100) or kOOl) planes which could be To-
cated easily. This made it possible td orient crystals of any habit‘
in ﬁhe orthorhombic structure with a minimum of effort.

In the Mn-Cu, Co-Cu- and Ni-Cu salts the habit in'ngure 3¢ predom-
~ inates when XCu,xtal approaches 0.75-0.80. The 1ongest dimehsion in
these crysta]s 1s a]ong the a axis wh1ch corresponds to the chain’ di-
rection in the monoclinic cell. However, these crysta]s_reta1n,the
orthorhombic structure; a full set of precession photographs was re-
quired to demonstrate that these mixtures were indeed crystallizing in

the ana‘space group.. At XCu,Xta12' 9}80 the Cu.containihg se]ts.wi]]
crystallize in the mondc]ihic structure.

The X-ray data were collected on a Supper-precession camera and
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Mo Ko radiation.with A = 0.70926 i was utilized. The zero, first end
second levels of the pure Mn and pure Cu Sa]ts were takenishooting into
the a-b and B-c-p]&nes of Tath-shaped erystale. Theseicrystals”were
subsequently remounted and the zero, firstyand second levels of the a-c-
plane were obtained as well. This proVided a comp1ete‘set of preces-
sion photographs for both the orthorhombic Pnma and honociinic P21/c
structures. As a first approximation of structure, the'iero levels of
any crystal of tﬁe mixed metal ealts in this series could now be com-
pared to those of the pure end‘members to determine whether or not the
spot pattern matched one or‘the other. 'Full data decks were collected
‘en some, but not all, ot the mixed salts as a check to make certain
that no anoma11es occurred in the upper levels. The zero and first
levels for two p]anes were collected on at least three mo]e fract1ons
of each subseries. | _

Salts in the series TMAMC13-2Hé0 where M = Mn, Co and Cu have beeni
reported in the literature previously (8-10) ane their structﬁres are
'we11'documented. .Synthesfs}of the Fe and Ni end membere comb]etes the
progression across the firet row transition metals from cenfiguration’d5
.tb d9 inclusive. Spot patterns onlthe precession:photographs indicate
that these.two\new'eompounds follow .the trend set by the Mn and Co and
adopt the ortherhombic structure with space group Pnma. ' Uti]izing thé
formulas - prov1ded by Buerger (21) and Stout and Jensen (22) cell dimen-
sions were ca]cu]ated for all of the pure compounds from precess1on data.
These values are slightly lower than those reported in the 11terature
for the three compounds_on which data 15 avax]ab]e, but these variations

are typical of interlab comparisons. For the data collected in this

¥
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work, the Fe and Ni analogs fit the trend developed with decreasing
“size of the divalent metal cations quite nicely. This correlation be-

lfween the idnic radii and cell.dimensions is illustrated in Table VI. .

Table VI °
Ce11.Dimensions for Members of the Series TMAMC13-2H20-

Metal Radius a b c
Mn . 0.82.  16.59 7.419  8.141
Fe 0.78  16.56 7.331  8.095
Co 0.74  16.52 7.23%  8.046
Ni 0.70 " . 16.52 . 7.110 8.031
w073 7.517  7.849  16.70

' * axes change in Cu salt due to different space group

One can also calculate a fheofet%¢§1:va1ue forvg_based on a square
- planar afrangement'qf the chloride aﬁions around the centfa]_meta] atom
and a know]edgé‘of the.radii involved for the vafious ions. Such_a
“calculation using é Qa]de of 1.81 R forithé C1”™ radius yields cell di-
mensions whicﬁ afé in rémarkab1y good agreement with those observed.
Table VII contaihs these Vaiues for the d5 through d8 anAIQQS‘of this

-series.
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Table VII

Theoretical Values of b in Square Planar Arrangement

Meta]
Mn
Fe
Co
Ni

for.TMAMCT3-2H20 in Pnma

Radius

0.82 -

. 0.78
0.74
0.70

!

b calc b found
7.467 7.419
7.326 7.331
7.2271 . 7.234

7,07 7.110
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SPECTRA
The final phase of the investigation of the mixed mefa] series
TMAMXMi_xC13-2H20 entailed running x-, y- and'g;po1arfzed spectra as
well as unpolarized spectra of these chyétals on the Cary 14. When
discussing tﬁese sﬁectra,,g}polakized light refers to 1ight“whiqh has
its only allowed vibration direction parallel to the z axis; X, y and

z correspond ‘to the a, b and g_chysta]]ographfc axes in the unit cell.

' These oriéntations.are‘depicted in Figure 4.

0 0. 0
cl1 oc ] Cl ,
\M \M | \M/.
N N \
c_1/ C1 1 e
0o 0 0
Figure 4

. 'Locatjon of Chyst611ographicAAxes and Polarization Directions

Crystal spectra were taken at room temperature in the near infréred
(IR); visible and ultraviolet (UV) regions. In the pure Mn compound
- three peaks'were observed in the UV region, but in all other cases this
regioh yielded ver& little useful information as chargeltransfer-bands
appeared which were off scale. Most of‘tﬁe inferesting peaks.wéré ob-.
served in thé visib]é and near IR regions. | o

In order to run spectra on these crystals, specimens at least a .
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millimeter wide had to be grown, but they could.not Be so thick as to
effectively block all trénsmitted light. With this paffic&]arlserfes
such dimgnsions proved difficu]t to attain; additionally, the dark
colors and intense absorption bands inherent in some of the crysta]s'
reduced transmission. Of the pure salts the Mn analog with very weak :
bands is the most suitable sample on which to take spectra. The pure
Co and Cu end mémberé must be cut and ground to get thin enough crystals
to produce reasonable spectra. Pure Fe and Ni crystals large enough
to kecorq spectra were never obtained.. Among the mixéd metal com-
pounds, the entire Mn subsgries produced crystals which allowed useful
spectra to be recorded with é minimuh qf effort. This translucence was
~ due part]y.to'the habit,'but.was probably due 1n‘1arger part to the di-
Tution effect impértéd to:these salts. by the présence of tbe Mn(II) jon.

Special sample cg]]s had to .be improv{séd to hold the crystal in -
place while running solid spectra oﬁ the Cary 14. Brass plates:were .
cut to fit into the norma} cell holder of the instrument and holes a
millimeter in diameter were then drilled, positioned in the center of
the transmitted béam. The crystals were taped over the hole of the
sample plate, orientedeith one of the crystallographic axes pafa11e1 to
the long dimension of the plate. To obtain polarized spectra, strips
of Polaroid film were taped over the holes of both reference and-
sample plates and the orientétion and color of the crystal were care-
fully noted. Many blanks were run with just the plates, the plates
with polarized film in place and with different.pieces of the film to
determine the sort of background to expecf. fhe film has weak bands in

the visible and near IR, but they are,vefy small compéred to the crystal
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scattering and cannot be mistaken for crystal absorptidn bands in

these regions. The film does‘absorb-in the UV region; this, along

~with the preéenée of charge transfer bands, made it impossible to get

polarized UV spectra.
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Figure 6
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Crystal Spectrum of TMAC0C13-2H20 in z-Polarized Light
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DISCUSSION

As ment1oned earlier, the original 1ntent of this research was
_ the synthesis of mixed metal crystals of the two-s1te system TMA3M2C17
where M and M' were expected to-assume their preferred geometries.
Preliminary investigation of the crystals grown in this attempt indica-
- ted that,; although they were'not the desired stoichiometry? they were
an interesting system in their own right Crystals of the mixed metal
series actually obtained, TMAMXMi Clge 2H20, when observed in the petrT
dishes in wh1ch they were grown, d1sp]ayed two contrast1ng colors, .
making it appear that two different products had formed. Closer exafm-
ination of individual erystals'revea1ed'that both coiors-were visible
in each; subsequently, titration data'indicated that a mixed metal
product of fairly uniform conposition had indeed been brepared. The
'structure and composition of these mixed metal compounds are now dis-

cussed in-detail. Dichroism, the visibility of two different colors’
within a single crystal, is discussed in the following section.

Initia]’ana1yses of the crystals prepared from so1utions containing
equ1mo]ar amounts of the two metals, plus a sto1ch1ometr1c amount of
TMA, suggested a 3:1 preference in moles for one metal over the other
The molar rat1o of chloride to metal was mon1tored and X-ray pictures
were taken to- Ver1fy that the mixtures were actually the sto1ch1ometry
and structure expected and not double salts or defect structures
A]thoughrthere is only one metal site available in the hydrated'

series, the existence of a reproducible 3:i metal ratio in the crystals -
~ grown from aquedus solutions with a 1:1 metal ratio raised the question

as to whether these mixed salts cou1d'in fact be stbicniometric;_ As
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the range of mole fractions in the starting solutions was expanded; and
the rgsu]tihg products analyzed, it became evident thaf this system was'
actué]]y a solid solution with certain restrictions on the moie fraction
of'a particular metal which could occupy thé metal site of fhe crystal. -
In the experimental section on analyses in Tables IV and v the x values
found in the crystals were compared to those in the startingAsolutions.
for various metal pairs. Figures 17-19 are graphic rebresentations of
the same-data. ' | _

These mixed metal compounds are deécribed in terms of solid solu-
tions. One of the pure end members may be designated as the solvent .
and the remaining transition metal ions are solute:partié1es. IF all
the metal cations were‘idéntica] in ail'qf their properties, and their
free energies were the same whether in so]utién or in the crystal site,
such a system could be used to represent an idga] so]ubi]jty curve.
In this situation the X ﬁ]ot would be a-straight line with slope = 1; .
the cﬁystd]s grown would have the same composition as the starfing‘solu-
tioh. The observed deviation from linearity reflects the fact that the
ions are not actually identfcal;‘ they do possess slightly different
properties. The nature and extent of the deviation for‘different
metal pairs allows ohe to compare the re1ativé solubilities of the
metal jons in this series. |

If the Cu.salt is chosen as the so]vént, the mole fraction of the
solute preSént in the crystal is represented by:
‘ "' _ - My
XM, xtal =~

iy * Ney
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Mn Subseries
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Figure 17 Mole Fraction Plots of TMAMnM'C13~2H20
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Co Subseries
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Cu Subseries

1% 0 T
& M' = Mn
® M' = Co
/
& M = Ni 7
0.8 t A
: /
’
a
/
v
/
0.6 T ” &
- 7/
_S /
> 7
& 7 s
> Y
pos /
0.4 1 /
/ [+
.
/ ¢
7
/ 4
P &
0.2 ¢ / @
/
y L
7
7/
/ EY °
4 3 9 ol +
0.2 0.4 0.6 0.8
XM', soln

Figure 19 Mole Fraction Plots of TMACuM'C13~2H20




48
where n refers to the number of moles of the designated metal ion.
Figure 19 indicates the relationship between Xy in the crystal and
that in the solution for the Cu containing subseries. It is noted that
all three curves lie below the ideal line; in each case Cu is taken up
preferentially in the solid phase. If one examines the Mn-Cu curve,
it.js seen to possess one point, that for the highest Mn content, which
actually does Ije on the idea] line.‘ .Because all of the pure end mem-
bers, where XM.-='1, do exist, all of.thése curves must approach the
ideal case as xy, - 1.0. . Thus, even in the real solid solutions, the
two end points are fixed; what happens to these Curvés between the end
points is useful in describing the chemistry of this system.

The original aqueouélsolution§’in the Mn-Cu subseries with an=0.209
0.25 and 0.33 produce crystals which effectiVe]y exclude the solute .
metal, having mole fractions XMn,x£a1 = 0.02, 0.02 and 0.07 respectively.
Structural determinations utilizing data collected with the precession
camera indicate that these mixed metal crystals which are neariy all Cu
adopt the monoclinic structure of the pure Cu analog. The ions whose .
pure salts grow in therﬁtHorhombic structure show very little tendency

~to dope into the monociinic system of lTower symmetry; only trace a=
mounts of Mn, Co or Ni are found in crystals of the P21/c space groﬁﬁ.

‘ wheﬁ Xy in the crystal reaches a value of about.0.20, the crysta1.
undergoes a structural transition from P21/c to Pnma; a different habit
characteristic of this region is also exhibited. The habit of the or-
thorhombic Mn-Cu crystal with the highest.Cu content is a distorted
octahedron elongated along a, the chain‘directioﬁ jn the monoclinic -

cell, but the direction of van der Waals forces in the orthorhombic cell.
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This hébit was shown previously in Figure 3. . In addition to the change
~ in habit in this transition region, twinning commonly occurs in the
Co-Cu and Ni-Cu crystals as well.. .

It is interesting to note how 1ittle of the solute metal is neces-
sary to allow the Pnma structure to predominate. Only 20%:of'the metal
sites in the crystal need be occupied by the solute meta]lions'to'enable
the orthorhombic structure to manifest itself. Whén,this structuré
prevails, the solute metals whose pure salts are orthorhombic enter the
crystal site much more readily than they did in the monoclinic case.

"~ Their soiubi]ity increases sharply following the structufa1 transition
and exhibits the order:” Cu > Mn > Co > Ni.

The most striking pattern in the observed ofder is the decreaée in
the size of the metal éafion as the solubility decrea;es. Although the
Cu(Il) jon is not tﬁe‘largest cation, it has a d9 electron configuration
and displays a Jahn-Teller effect when it occupies the metal site of the
crystal; it'thus tends to distort the reguiar octahedral site and ap--
pears to have a larger radius than the numbers wou]d indicate. This
distortion is sufficient to destroy the Pnma Symmetry when more than 80%
of the sites are 1nvo1§ed. Because of the energy considerations within
the crystal, the Mn(II) fon which is the largest of the series, seems
to ﬁack'better %n this environment than the other smallér cations, ex-
cluding Cu. Co(Ii) wifh a smaller radius would not be expected to suty-
stitute for the Cu ion in the lattice sites qu{te as readily as the Mn;

this is indeed what is observed in the Cu subseries. Qf'a]] the ions
considered, Ni(II) is the most difficult to force into the crystal lat-

tice site; it is also the smallest. The pure Ni end member of this
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series tends to form an amorphous powder rather than a-crystalline sol=
id, and this effect is observed in the‘mixed metal salts a§ well. Ni-
is by far the least soluble in the solid phase of the transition metals
étudied ih_this series. | -
This effect may be explained by comﬁaring the size of the metal. jon
to the hole formed by. four chloride anions just touching in a squafe

planar arrangement as shown in-Figure'ZO.

rC]- = 1,81 A

1x Phole 0.75 A
rNi = 0,70 A
rCo = 0,74 A

Figure 20 Packing Hole Formed by Four Chlorides

_ In ordef‘for the metal cation to fouch these cﬁ]qrides, its ionic
| radius must be 0.75 R or larger; Co(II) just fits. Ni(II) with an
ﬁonic radius of only 0.7b A is too small. Since this cation does not
fit into the crystal site, growth of the Ni crystal is very difficult to
achieve. The larger cations such as Fe and Mn, and Cu as well, tend to
push the chloride anions apért when they occupy the site, thus-reducing ;
the e]ectrostétic'répﬁlsioﬁs among the C1~ jons. |
Absolute values for the radii of the ions’ involved in this exer-

cise are impossible to determine. How well the actual numbers in fhese
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Calcﬁlations fit fhe observed solubilities is therefore dependent on tﬁe'
chofce of radii one makes.' Those calculated by Shannon and Prewitt
(11) take into account the spin qnd éoordination;number of the metals
and were thereforé preferred over Pau]fng‘s values. ,As'it turned out,'
these values also indicate quite well that Ni(II) is too small to occupy
the crystal site-in this series. Regard]ess of whose radii are chosen,
‘the trend remains the same. Nf(II) is always the smallest and predic-
tabiy the most difficult to force into the crystal site.

Based on the solubilities observed fn the Cu containing subseries
- and the rationale propdsed to account for tﬁese observations, one would
predict that in the.Mn subseries Cu will again be more soluble than Mn,
and that Co will diséo]ve.more readily than Ni with the latter two both
1éss so]db]e than Mn. This is borne out in the x'plots of these sub-
sefﬁes. In the Co subseries both Cu and Mn are,mofe soluble than Co
which is indicated by the positive deviations from the ideal line for
these curves; Ni has a negative deviation showing that it once again
is the least soluble of the transition metal ions in.this series. :

A spectrophotometric technique (20) was utilized to deterhiné both
Co and Ni simultaneously in a single sample; - thfs analytical method
was not sensitive enough'to detect very low concenfratioﬁs of Ni, |
yielding'xNisxta1 values of zero for XNi,soln values less than 0.50.
This method does indicate at what mole fraction in fhe aqueous solution -
appreciable amounts of Ni begin to appear in the résu]ting crystals.
The technique, aithough not as sensitivé as the titration methods, js
sufficient td corroborate the eXisting solubility pattern.

Familiarity with this‘sxstem allows one to actua11y rank a group of
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crystals from the same subseries according to relative metal content by
visual examination alone. Although difficult to describe quantitatiQe—
ly, a gradual, subtle ehahge in color is obser?ed in a group of crysta];
in the orthorhombic structure as mole fraction changes. One must ex-
ercise care in select1ng crysta]s of roughly the same size and qua]1ty
when doing such a comparison, however Crystals from solutions which
contain progressively more Ni exhibit a gradual, but definite, color
change'if they are compared to one another, supplying further:evidence
tﬁat more Ni is indeed being disso]ved in the solid solution. These
quelitatiVe observations on the crystals can be quantifiedfby a nonde-
structive method, utilizing the precession photographs. = As one dis;'
'-solves more of the solute metal ion in;o a crystal, not only the color |
but also the cell dimensions should change gradually as a result qf‘the
different sizes of ‘the two ions. | |

X-ray data fndicate that this effect can indeed be seen. For a

particular subseries of the mixed metal crystals, the vejues of g} b and

c should vary in a pred%ctab]e.way with the molar ratio of the component
metals. A large difference in radii occurs between the Mn(II) anq
Cu(Il) iohs; thus, this effect should be noticeable in this subseries.
However, a structural transition also oecurs in this case which Towers -
the range of Xgy Which can be studied. - Cell ~dimensions for orthorhom-
bic crystals of theAMn Cu subseries with xCu 0 20 and XCu 0.75 are
' presented in Table VIII on the following page.

The Mn-Co subser1es also d1sp1ays a fairly wide range of mole frac-
tiens, Xco = 0.05 to Xco = 0.60, and there is no change in structure

between end members to complicate matters. Table IX compares the cell
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dimensions of the extreme x values of the Mn-Co subseries to those of

the pure end members. -

Table VIII

Cell Dimensions of Some Crystals in the Mn;Cu Subseries

lo .

Xcy Metal - a b

0.00 . Mn 16.78 7.3  8.227
0.20  Mn-Cu  16.64  7.469  8.095
0.75  Mn-Cu 1659  7.419  7.828
100 1673 7.479  7.864

* Cu axes redefined, a+b, b>c, c>a

Table IX

Cell Dimensions of Some Crystals ih the Mn-Co Subserie§

Metal a . b . c

XCo |

0.00 ~ Mn 16.78 7.434 . 8.227

0.05  Mn-Co  16.76 7426 8.213

0.60  Mn-Co . 16.61 7.277  8.085

1.00  Co 1652  7.23 - 8.046

The Mn-Co crystals seem to fit the expected trend in cell dimen-
sions. The crystal which is nearly pure Mn has values which are vehy

close to those for pure Mn; and the crystal with Xco = 0.60:has.Va1ués
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Which are approaching thoee'for the pure Co end member. In ‘the case of
the Mn-Cu crystals, that withla Tow mole fraction of Cu'fits the trend,
but the crystal which is predominént]y Cu is .anomalous. This mole
fraction also occurs in the region in which the habit is quite different.l’
‘The preference for this new habit may be related to some 1nteract1on at
1oca1 sites between the Mn ‘and the. Cu cations which could also give r1se
to the break in the pattern of cell dimensions which is noted in this-
particular region. An anomaly may well be expected for these crystals - -
“1in this region of structural and habit transitione. For many of the
observed patterns “in this work the Cu(II) ion has proven anomalous.

| The dfchroism exhibiteq by these crystals has been mentioned”ear-
lier, and it'is this property above a11 else which first captures the
attention and interest of the observer. .One of the‘specia1fattractions
of the mixed metal series is the etriking visibiTity qf-two and some-
times three different colors within a single crysta1. This dichroism
may be characterized by visual exemination of the crystals, by observa-
~tion of the crystals with a-po]arizing microscoce, or by cohparison of
po]ar1zed crystal spectra in various or1entat1ons The'wave]ength at
" which an absorpt1on maximum occurs has -an effect on the value of the
refract1ve index, n, determxned for a crysta]

The 1ndex of refraction of a substance, def1ned as the ratio of the
velocity of Tight in a vacuum to that in the substance, is one of the
most basic physical properties measured by chemists. The subetance of
interest is usually a 1iquid, but may a1eo be a gas or a solid. Meas-
urement of the refractive index of a crystalline solid is of particular

interest to the mineralogist (23-25); the physical method used to
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- determine n 1is necessqri]y different for a solid than a f]uid.- In
~addition fo'thg problems associated with a more invo]ved procedure,
different values may bé obtained for n depending on'theforientation if
the solid exhibifs anisotropy. The velocity of 1ight may.actua11y vary
depending on what direétion.it is traQe]ing through the crysta].'
_Crystals are classified as isotropic or anisotrdpic. In an iso-
tropic crystal the ve]ocfty of light, or the rgfractive index, is the:
same in all directions, as is the éase for 1iquids and glasses. If a
three-dimensiona]_Surface indicating the value of the refractive index,
n, in any dirgction within the crystal were'coﬁstructgd for an isotropic
crystal, it would be spherical; such a surface is defiﬁed as an-iﬁdic;.
atrix. Perhaps the most common example of éh isotropﬁc crystal is
table salt, NaCl. This is a cubic system, thée highest possible symmet{
ry class, and is completely described if one cell dimens{on is known;
to use a chemist's expressfon, it has one degree'of‘freédom. - On the-
basis of the structural symmetry of NaCl, it should not be'surprisihg
that a cubic crystal has op]y one value of n. '

In anisotropic crystals thevve]ocity'of light varies dépending on
the orjentétion of the crystal. Such crystals can be described in
terhs of their indicatrices as eithervuniéxial or biaxial. In uniaxial
crystals there is one, and only one, axis defined as the optic-axis
which is perpendicular to-a circular or isotropic cross section of the
iﬁdicatrix; in biaxial crystals there are two such axes. The uniaxial
crystal has the higher symﬁetry and belongs to either the tetragonal,
hexagonal or rhombohedraT‘b]ass. TWo.degrees of freeddm'must be spec-

ified to completely define these systems; two edges, a and ¢, for the
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'first two and one edge and'one angle for the 1ast'6he.

In a tetragonal system a = b; thus, symmetry requires a 4-fold
principal axis parallel to the ¢ axis of the unit cell which will coin-
cide with the optic axis of the fndicatrix.. The c axis may be either
longer than or shortér than the a and b axes. The ellipsoid which
represents the indicatrix may also be prolate (ne > "o) or oblate
(n€'> no); 'minéra]ogists uSe.this distinction to dgfine the sign of a '
crystal.L A tetragonal crystal may be either unfax{al positfve, U(+),

or negative, U(-), as shown in Figure 21.

{b)

Figure 21 ~ Tetragonal Indicatrices

The sign may actué]]y be determined with a microsédpé without knowledge

" of the.absolute va]ue§ qf ne and Ny while the cell dimensiqns define

the optic akis,_they yield ﬁo information on the re]étive'va]ues 6f n. -
~The mineralogists's most dramatic example of a unfaxia] crystal is

Iceland spar, hore'éommonly called calcite. Ca]cité is calcium cérbon—

ate,-CaCO3, which falls 1n.the rhombohedral class. It is.a transparent

crystal which cleaves naturally into rhombs. If one of these rhombs
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is placed over a mark on a piece of paper, two marks are visible through

the crystal. This is shown in Figure 22.

”“,.unz e
R b'o‘oooo-.uv‘“ (0]

©)

Figure 22 Double Refraction of Iceland Spar

One of the observed images is produced by the ordinary ray, the other by
the extraordinary ray. They can be distinguished by rotating the
rhomb as it lies on the paper; the ordinary image remains fixed while
the extraordinary image rotates with the crystal. A close examination
of the two images reveals that both appear higher than the paper which
is to be expected due to the difference in refractive index between air
and the crystal. However, the image produced by the extraordinary ray
appears a little lower than that from the ordinary ray. The different
apparent depth is evidence for two refractive indices within a single
crystal in this orientation. This illustrates the property of double
refraction exhibited by all anisotropic crystals. Mineralogists quan-
tify this property by defining a term, birefringence, which is the dif-

ference between the maximum and minimum refractive indices.
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The Tlateral Tocation and rotatory motion of the extraordinary
image depends on-the wave nature of 1light and the ability of a crystal
to resolve 1light 1nto.two mﬁtua]]y.perpendicplar vibration directions.
Light is electromagnetic radiation; ordinary light has an electric veé-
tor, ?, capable of vibration in any direction perpendicular fo the prop-
agation directidn. In the calcite crystal all.of these vibration di-
rections are resolved into two orthogonal directions.,' The vibration
direction which represents E ndrmaT to the optic axis is that of the
ordinary ray. .The E yector of the ordinary ray is in the plane of thg
circular cross séctiqn of the indicatrix; this means that the electric
field of this ray interacts with that of thé electronsfin the crystal
in the same fashion in any direction within the a-b plane. The ordin-
ary ray propagates throﬁgh_the cnysta] as if it were i1isotropic.

The E vector of the-extraordinary ray is perpendicular to that of
the ordinary ray and in thé"same plane as the opfic axis. By symmetry
the atomic arrangement along ¢ is different than that along a or b.

The vibrations due fo the electrons in this asymmetrical environment
interfere with E of the extraordinary ray and produce a resultant vector
which is no longer exactly perpendfcu]ar to the ray direction. . However,
the propagation direction must still be perpendicu}ar to the E vector;
this so-cal]ed wave normal no longer coincides with the ray as ‘it does

in the ordinary ray. This interactiqn bends the path of the extraor- -
dinéry ray slightly; thus, two images appeaf as 1igHt exits the calcite

rhomb.  The paths of these two rays'ére'shown,in Figure 23.
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Figure 23 Ray Directions and Wave Normals

The resolution, i.e. the distance between these two imagés, is di-
rectly proportional to the birefringence and to the thickness of the
crystal. In calcite light travels faster along ‘the optic axis; in -
this case, ng < N. This means that ne is c]oser to Naip than o s0
that the extraordinary image should appear lower than the.ordinaky'one
which is indeed the case. A thicker rhomb will cause the two images
to appear further apart dge to the longer path length the twb rays
fd]]ow. This same process occurs in all anisotropic crystals. Cal-
cite is unusual 1n that it is transparent and has an extremely high
birefringence. Quartz will also form two images, but a>crysta1 15
times as thick is required to observe the same separation of images.

It'is possible to observe anisotropic'crystals with 1ight which .

has only ohe allowed vibration direétion; such 1ight is "polarized."

Plane poTarized 1ight may be obtained in a number of ways; some
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crystals such as biotite or tourmaline natdra]]y polarize Tight. A
Nicol prism often used in polarizing microscopes consists of a calcite
crysfa] which is oriented so that only the crystal's extraordinary ray
is allowed to pass through.. Large sheets of Polaroid, the substance
which qu used to-obtain the polarized speétra in this work, are'made
by embedding oriented crystals of herapathite in a plastic sheet. lEven
1ight ref]ected from a bright, nonmeta]:surface is polarized to some
extent. | v

If the two imagés produced by calcite are observed through a po-
larizer as the rhomb is rotated, each one will disappear or extinguish
alternately at 90° intervals. The plane of the vibratibn direction of
the ordinary and extraordinary rays can thus be determined. If there
is no vector component of the ordinary ray, that image will not be
seeny; it extinguishes br ié at an extinction position. There are two
such positions for the extraordinary ray as well, 180° apart and orthog-
onal to those for the ordinary ray.

A11 the properties that have been discussed for uniaxial crystals
are also present in biaxial crystals, but the latter show other effects
as well due to their greater complexity. Crystals which fall into the
orthorhombic, monoclinic or triclinic classes are biaxial. For such
crystals the iﬁdicatrix is a triaxial ellipsoid; each axis has a Qif-
ferent value for n. The two extremes are denoted as Ny, for the 1owest
value and nY for thg highest value. | The biaxial indicatrix has two
optic axes which are normal to circular cross sections whose radii rep-
resent ngs the intermediate refractive index for biaxial crysta]é;

The location of these indices within the indicatrix is illustrated in i
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Figure 24.

radius of circle = nB

Figure 24 Biaxial Indicatrix

In orthorhombic crystals symmetry requires that the three axes of
the indicatrix coincide with the three crystallographic axes, but no re-
strictions are placed on.;he actual mapping, i.e. the shortest.crystal-
lographic axis need not cofrespond to Ny’ There are six ways to saf-
isfy thi's rgquirement; the correct one for a particular system is
found by experiment. In the monoclinic éystem one of the 2-fold axes
of the indicatrix will coincide with the unique axis of the crystal.

In the triclinic system any orientation is possible.

The.differences ﬁh.symmefry along the various axes {n-anisotropic
crystals are basically a result of different atomic arrangements. This
results in the variable refractive indices observed in such crystals.
The interaction of the crystal with light is also what determines the
color of a‘crysta1; An anisotropic crystal is therefore capable of
disp]ay{ng_differeﬁt colors depeﬁding 06 the orientation and direction

in'which it is observed. If all three axes in a biaxial .crystal have
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a different associated color, the general term for the phenomenon is
pleochroism. If on]y'two colors are “involved, it is called dichroism.
The latter term is often used for all cases, since in any one orienta-
tion of the crystal only two colors can be observed.

Tourmaline which grows as elongated prisms is an example of a di-
chroic crystai; it has been mentioned previously as a source of pola-
rized light. This mineral é]]ows 1ight vibrating parallel to the pkism
axis to pass through while comp1eté]y bTocking 1ight vibrating normal
to the prism axis. Its dichroism may be described as black and white.
Two crystals of tourmaline with their prism axes orthogonal will not
allow any 1fght to pass. |

Most anisotropic crystals are di;hroic or pleochroic to some ex-
tent, but cases among minerals strong-enough to see, particularly with
'contrasting colors, are very rare. Ahda]dsite, an aluminum silicate,
is one.such example; some.crysta1s of this mineral which contain a
small.amount of impurities are yellow, green and red along the princi-
pal axes of its indicatrix. When viewed along any principal axis, the
color observed is the sum of the colors of the other two axes.

In colored substances such as the dichroic and p]eochroié minerals
discussed above, the refractive indices have unusually high or low val-
ues due to the presence of absorption bands in the visible region.
Because thé refréctive index is a funétion of wave]eﬁgth, A, values of
n are reported with reference to some known wave]ength of Tight used to
maké the measurement, for example the Na D Tine. The fo]]bwing equa-
tion can be used to describe the relationship between the refractive

index, n, and-wavelength, X .(26):
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n- =1+ ———— . (1)
Y
where A] is a constant and A] is an absorbing wavelength. If a sub-

stance has more than one absorptidn band, additional terms involving A
are added. There are three cases which can be considered for this e-
quation. If the wavelength used to determine n is much greater than

. the abéorbing wavelength, A >> x], Equation 1 reduces to:
n® =1+ A] = k (2)

where k is the dielectric constant. This equation generally holds
for gases and dispersion is not usually observed.
If A > Xy, but the ratio A{/X is small, Cauchy's Theorem for dis-

persion results:

A, 22
2 T M
n- =1+ A],+ 2 | | (3)
let A=1+ A]
B = A2
11 - B
n2 = A+ —5 which is Cauchy's Theorenm. (4)
A

If n is plotted agajnst A, a normal dispersion curve results from Equa-
tion 3 with n increasing gradually as X decreases.

As the wavelength used.to measure the refractive index approaches
the absorbing wavelength, Equation ]_réquires that n becomé very large,
going to infinity at A = k1. Since this cannot actually occur, the
éxpression does not adequately define n at this point. A damping term

must be added to the equation in order for it to apply to all values of
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A, including absorption points (27).

The Mn, Fe, bo and Ni salts as well as their mixed metal analogs
prepared in this research all crystallize in the orthorhombic class
with sbace group Pnma, and are thus examples of biaxial crysté]s. Be-
cause they are high]y colored, they possess visible absorption bands
which will give rise to anomalous dispersion curves. These character-
istics, lower than cubic symmetry and absorption bands in the v{sible
region, are two requirements a crystal must meet in order to be diéhro- '
ic. The third and crucial requirement is that the local sité symmetry
of the chromophore be:oriented or aligned in the unit ;e11 so that ‘the =
dichroic effect is not cancelled in»the same way as optical activify_in
a racemate. The MC14(H20)é octahedra in tHe Pnma structure anq in the
P21/c structure as well also meet this third.requirement;" théréfore,

0 serieS'gre dich?dic.

. ' '
the crystals in the TMAMXM]_XC]3 5

The structure and cel]l dimensions of these compounds have been

«2H

discussed earlier. To review briefly, the axes and corresponding

bonding directions are shown in Figure 25.

l
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Figure 25 Unit. Cell Axes and Bonding Directions
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Of the pure orthorhombic salts, the Co analog displays the most
readily visible dichroism without the aid of a polarizing microécope,
although the crystals must be selected judiciously for the colors to be
observed. Literature reports these crystals to be blue in c-polarized
Tight propagating along the a axis; 1in all other orientations these
crystals appear red-violet. These observations have been confirmed in
this work. The dichroism of the Mn and Cu analogs has not been re-
ported in the literature previously.

Crystals 1ﬁ the mixed metal subseries éontaining Co are all strik-
ingly dichroic; Table X éummarizes their behavior when observed in po-
larized and in unpolarized light. Lfght designated as a-polarized has
its allowed vibration direction, which corresponds to E, parallel to
the g_crystalTographic axis, similarly for the b- and c-polarized 1ight.

If the Co containing compounds were observed only in unpolarized
Tight, these’crysfa]s would be classic examples of dichroism and pleo-
chroism. In a crystal of tHe Mn-Co salt the shorter wavelengths of
visible 1igHt polarized in the a or b direction are absorbed, and the
crystal apbears rgd-vio]et. When c-polarized 1ight is propagated
through the b-c plane of the crysta1,_the longer wavelengths are ab-
sorbed, and the crystal appears blue. The isotropic behavior in the
a-b plane can be rationalized on the basis of structure, since the metal
ion giving rise to the absorption band is in an essentially sqdare pla-
nar environment with the the surrounding C1~ ions. In the b-c plane,
however, the metal is bound to H20 in one direction and to C1 in the
other, quite a different atomic environment and thus a different celor

may be expected for c-polarized 1ight than for b-polarized light. In




Colors Exhibited by.TMACoXM'_XC1

Crystal

pure Co

Co=-Mn

Co-Ni

Co-Cu
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Table X

Polarization

none

none

none

none

1 3

a-b Face

red-violet
red-violet

red-violet

red
red

red

red
1ight red

dark red

dark red
dark red

dark red

-2H20 Crystals

b-c Face

biue

red-violet

blue

blue

red

blue .

blue

dark red
blue

green

dark red

green
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such a strucfure dichroism seems to be a logical résult. ‘w1th the aid
of an instrument pleochroism can be demonstrated for these salts which
are actually orthorhombic in symmetry.

-If the polarizer is removed, the color of the b-c face should be
red-vioTet, the resulting combination Qf red and blue. This is not
the case. The b-c planes of the pure Co‘and the Mn-Co mixed salt are -
both blue when viewed either in c-polarized Tight or unpo]arized Tight.
This is not normal dichroic behavior. The Cu-Co salt shows the same
anomalous persistence of the éo]o? gréen in its b-c pfane. In the
sectidh on the spectra of thesé compounds which follows, it is noted
that the red absorption bands are indeed present in the unpolarized |
spectra. \ It éeems that the red'co1ok along the Q_axis is not intense
enough to mask or evenﬂto mix appreciably wfth the blue color of the c
axis. This problem is discussed in detail below.

The Co-Ni crystals are visibly p]eochfoic without the aid of an
instrument. -With polarized 1ight propagating perpendicular to the a-b
plane, two shades of red are observed. This is readily apparent if
two c%ysta]s with this or{entqtion aré placed at right ané]es to one
anbther as in ngure 26. . The.crystal Qith its b axis parallel to'f
is dark red whereas the crystal with its a axis parallel to Eis a muéh.
lighter red. In addition, if the po]ari;er is rotated, one red fades.
and the other darkens, until at 45° the two shades of red appear iden-
tical. This same effect is seen in the b-c féce of a crystal ﬁith
the colors dark redand blue; at 45° both crystals appear purple.

With these crystals itvis difficult to be certain that the red is ac-

tually dark red due to orientation, because the crystals tend to be
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Figure 26 Colors Observed -in Co-Ni Crystals in Po1arized’Light
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thicker along ¢ than along a which will also deepen the color observed.
However, symmetfy requires this red to be the dark red observed {in the
a-b face. With three different colors visible depending on orienta-
tion, this system is a classic case of pleochroism.

In unpolarized light the blue color again persists. Spectral
data 1nd1cat¢ that two different reds ought to be distinguishable, but
unpolarized spe;tra do not shoW only blue peaks for tﬁe b-c ﬁ]ane.

The subseries containing Mn also exhibits theéé phenomena; the
colors are tabulated in Table XI. Both the ‘Mn and Mn-Ni analogs are
piﬁk in a-polarized 1light and clear in c-polarized Tight. Inigfpola-
rized light the pure Mn crystal remains clear, but the Mn-Ni mixed metal
crystal appears yellow. The latter is thus yisib]y pleochroic as is
the Co-Ni ana]og. However, it .is extremely difficult to distinguish
between the yellow and clear orientations unless the crystals are about
five millimeters thick or there are crystals the same size with which
to compare colors. The same technique used to separaté’the two reds
in the Co-Ni case can be applied to this system.

The Mn-Cu analog is dichroic in the true sense of the word as the
mineralogist uses the term. Two colors are visible 1n‘po1arized'1ight;
amber in a- or ﬁ;polarized 1ight and green in c-polarized light. 1In
unpolarized 1ight the color observed is a mixture of the two seen in the
two polarized directions. This may also be true of the Mn and Mn-Ni
salts, but it is impossible to tell visually because one of the "colors”
involved is transparent. o |

The opticq] spectra,.particularly in the visib]e‘region; of spe-

cies with transition metal ions are generally described in terms of d-d ‘
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Table XI

Colors Exhibited by- TMAMn M;_ C1.+2H,0 Crystals

Crystal Polarization a-b Face .  b-c Face
pure Mn ‘ none pink clear

a g pink

b . “clear clear

c clear
Mn-Fe - none ~ pink clear

a “ pink

b ' clear clear

c ' ; clear
Mn-Ni none ' ' pink yellow

a pink

b yellow yellow

c' ' | clear
Mn-Cu = - none amber amber

a - 1t amber

b dk amber dk amber

c green
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transitions which have energies on fﬁe order of 104 cm'l. The inten-
sities of peaks due to d-d transitions are weak as a consequence of
their violation of the se]ect%on rule, AT =%1; in complexes which-
" contain high spin Mn(II) these transitions are spin forbidden as well.
In the high ehergy visible and UV regions these d-d peaks may be hidden
by the more intense chloride to metal charge transfer bands.

Three different approaches have been,utf]ized td explain the ob-
served spectra of transition metal complexes; these are crystal field
theory, CFT, ligand field theory, LFT, and molecular orbital theory,
MOT. The firgt assumes that the central metal ion and all surrounding
iohs are point charges which undergo purely electrostatic interactions;
* no overlap of orbitals is allowed to occur. LFT is a refinement on
this and allows some interaction or overlapping of orbitals to occur
between the metal and neighboring atoms.' In the last approach the
atomic orbitals of the ligands and the metal interact to form molecular.
orbitals which may be constructed by group theoretical mefhods so as to
attain maximum overlap.

Because of the nature of the metal ions and 1igands involved in
this work, CFT was selected as the best approach fo explain the ob-
served spectra. Whatever appkoach is used, the interpretation of'the
spectra requiées some knowledge of the initial and final states of the
system. The total energy of a normalized wavefunction is expressed
. by Equat%on 5: - | | |

E= fyrHydr = <olf]yp (5)
The Hamiltonian operator, ﬁ, for a many electron wavefunction which

.could be used to describe a transition metal ion is a sum of several
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terms:

2 ' 2 .

2 z—z—ﬁ—+z—e—+>:v. , (6)
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i 1% 1J .
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u
'
l\)l::i-
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]
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t

H° + % v, , (7)

. The first three terms are the kinetic energy of the electrons, the
coulombic attraction between the nucleus and the electrons and the in-

" terelectronic rebu]sions, respectively. Because these terms. are 1den;
tical for ions with a 3d sybshe]], they may be collected and defined as -
ﬁ°. CFT defines-vi as the potential fier'introduéed by a particular

environment such as octahedral, Voct’ or tetragonal, V In the

tet’
metal comb]éxes considered here, Vi is small compared to the e]eétron-
e]ectrqn repulsion term, and may thus be treated as a perturbation bf
ﬁ°. | To determine the relative enefgy level splitting of the d orbitals
in various comp]exe§ only the effect of Vi need be considered.

The methods of group theory (28-30) provide a powerful tool in the
analysis of spectra without recourse to the tediéus computations which
solving Eqﬁation 5 entails.. Symmetry operator commute with the Hamil-
tonian; if.the direct produci of the characters of the terms in any in-
tegral of the form <w|6|w> where'a is an operator does not contain the
totally symmetric representation, the integral has a value of zero.

Use of the symmetry of a complex and the character table for its éssoc-
iated point group yields a great deé] of information about the poésib]e
transitions which may be observed. | '

The five d drbita]s of the transition metal ions may be chosen as
a basis set; these are ajl degenerate in the free ion in spherical sym-

metry. If the metal ion is surrounded by T1igands, the five-fold
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degenérady is removed in a way which depends on the symmétry of the com-
plex. When six identical ligands are coordinated in octahedral sym-
metry; the point group for the complex is 0h In'OB symmetry the five
degenerate d orb1tals are sp11t 1nto two energy Tevels ‘designated eg and

2, xz-y2 and XY, Xz, yz d orb1ta]s respect1ve]y

29 which contain the z
If two axial 1igands are removed or rep]aced, the symmetry of the com-
plex is lowered to D4h‘ In this environment a}] degeneracy is removed
from the octahedral eg Tevel; it splits into an 2y (d 2) and a b
(dx2_y2). The t,, level becomes a ng(

19

Xy) and a doub]y degenerate

eg(dxz and dyz)' If the symmetry is Towered further to the D2h point
group, all degeneracy is removed so that each d orbital has its own as-
sociated ehergy level and is described by a one-dimensional representa-

tion from this group. . These splitting patterns are shown in Figure 27.

Spherical 0h D4h . D2h

—_— a1g —_ ag dZZ

— —_— d?2
b1g ag X _yz

———i bzg . — b1g dxy

—_——— t ' —_— ng dxz'

29
| : d
T b39' Yz

Figure 27 Splitting of the d Orbitals in Various Symmetries
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A1l of the above splitting assignments may be obtained direct]y from the
abpropriate point group or can be derived by performing the operations
of the point group on the individual d orbita]s and comparing the resul-
ting representations with those of the group.

Group- theory indicates_tﬁe possible energy levels, but does not
enable one to establish the extent of the sp]itting and thus the rela-
tive energies of the resuiting levels. This splitting may be deter-
mined withbut actually solving Equation 5 in part by the location of the -
Tigands with respect to the lobes of the d orbitals, but is also depen-
dent on the nature of thel1igénds iﬁvo]yed. Ligands are described as
weak or strong field based on, the magnitude of the splitting which they
induce betweeﬁ energy levels; the octahedral splitting between eg and
tZg is defined as A or 10Dq. Complexes containing weak field 1igand§
generally possess high spin, becauée less energy is required to occhpy
the higher orbital than to pair spins in the lower one. '

In the crystals involved in this work fhe metal ions are octahe-
drally cbordinated, MC14(H20)2, but with water molecules occupying the
axial sites, the local metal ion symmetry is actﬁa]]y D4h' Both water
and the chloride -anion are designated as weak field ligands. This
suggest§ that the splittings which arise due to D4h symmetry are sma]]I
compared to lqu. If this is true, the potential term in thé Hami]to;

nian due to the presence of a tetragonal field, V, ., may be treated as

tet
a perturbation of the octahedral case. With this assumption one can
construct an energy level diagram for a complex in 0h symmetry and sub-
sequently apply group theoretical methods to determine -the possible

splitting pétterns in Tower symmetries.
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Before transitions can be assigned, the ground and ex¢ited states
must be described in terms of the possible states for the various sym-=
metries of interest. = The ground state for the free metal ions may be
determined according to Hund'§ Ru1e; in order to find all possible
Russe]]-Saunders(R-S) terms for the excited states, a table of states
indicating the'number of'determinanté for each ML-MS combination must .
be construéted. As an example, for the d® or d° jons in which two
electrons or two holes, positrons, respectfvely, are placed in the five
d orbitals with either of two spjns, thére are C%O = %%%T = 45 possible
states. With the aid of én M -M table these are resolved into five

L
Yo 3k, 15, 3p and Is.  0f these five

‘energy levels, the R-S terms
terms Hund's Rule designates 3F as the ground state. Tab]e XII:summar;
izes the number of states and the term symbols for each configuration

of the d orbitals. The ground state is listed firsf in each case.

By app]yfng the symmetry operations of any point group to an or-
bital, one can determine its répresentations in that particular group.
The difficulty of the calculation depends upon the orbital involved; op-
erating oﬁ-the d orbitals is a cumbersome task. Fortunately, there is
a method which allows the representation of an orbital to be written
knowing the characters of only the rotation symmetry opérators; Using
the transformation matfix for rotation by an angle, o, the trace is
given By Equation 8: »

_ 2 (en)ia _ _sin (1+%)g
x(a) = = e o= — (8)
nfO sin 5

When o = 0, which corresponds to the identity operation, the trace is

21 + 1, Thé-reducib]e‘repreSentation can thus‘be found in any symmetry
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Table XII

Russell-Saunders Term for Free Ions

' Number of
Configuration Term Symbols States
al (d%) 2 o 10
2 (&) 3. 1o, Ip, 3. 1 S | 45
& () | 4k, %F, 2, %, %, %, % | 120
d* (% 5, 36, 2x'p, 1, 34, 3, 2xle, 210
2x%F, lF,.2x3P, 2xls
d 6, 25 2p 2y e o2 b ol 252
%, 3x%, %, %

for any orbital by ca]gu]ating the character of the various rotations
from Equation 8. The states described by the irreducible representa-
tions are designated g if they'possess,a center of inversion; u if they
change sign upon inversion.

The matrix above is derived from eim¢, where the quantum number, m,
may take on 21 + 1 values for thé orbital involved. Similarly, the
wavefunction for a R-S term may be expressed as eiM¢, where M may have
2L + 1 values. This correspondence enables one to use the symmetry of

the orbitals to define the states into which the analogous R-S terms are
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spiit in'various environments. These representations are tabulated
for O, Dy, and D, symmetries in Table XIII. |

In the d2 example, which is equivalent to d8, the;3F ground state
of the free ion will split into A2g + Blg‘+'BZg + 2Eg in a tetragonal
field. = Although the f orbitals are antisymmetric, the basis set of d
orbitals is symmetric; therefore,.regardless of the spin drbit coupling
introdﬁced by F, the overall symmefry of the electronic wavefunction
must retain its g charaqtér for any d configuration. It is again
pointed out that gfoup theoretical calculations only indicate which en-
ergy levels may bé present in a given environmeht; these predictions |
reveal nothing about the relative splitting.

As a ggnera] rule the R-S terms of excited states are ranked in en-
ergy according to angular momentum, L, and spin multiplicity, 2S5 + 1;
the greater the value of L or S, the Tower 1in energy the term.  How-
ever, there afé many exceptions to thfs rule. The relative enefgies |
of the excited states of the free ions méy‘be taken from the ordinate
of a Tanabe-Sugano (T-S) diagram. The energy sfates arising from the
ép]itting'of the R-S terms, preQioﬁsly obtained from the character ta-
bles by gfoup theory methods, may also be taken directly from T-S dia-
grams for ions in an octahedral, Oh, field. Sincé both D4h and D2h .
 symmetries are treated as perturbations of the octahedral environment of
a metal ion, thé weak field sp]itting of 0h serves as a reasonable
starting point~in the determination of -the possible transitidns of these
lower symmetries. Reference to appropriate T-S diagrams provides a
valuable piece of additfqna] data, the ground state in Oh’ a result

unattainable from group theofy alone. If the ground state in'Oh'is a
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one-dimensional representation, symmetry considerations allow the ground
state to be specified in D@h and D2h also. Some ambiguity arises if
the octahedra]lground sta;e,is multi-dimensional. For example, a T1

g

state splits info an Azg +'Eg-in D4h’ either of which may be the new

ground state. Table XIV Tists the ground states possible for d5 - d8
configurations.
Table XIV
Ground States in Various Symmetries
Tem O Dan P
5 6 ‘
d6 5.S Alg Alg Ag
d7 4D ng BZg or Eg Blg’ BZg or B3g
, d8 3F Tlg Azg-or Eg Blg’ B29 or 83g
d F Azg | Blg Ag

Observed spectral bands for transition metal species in the visi-
ble region are generally produced by e]ectric‘dipole transitions.
Whether or not a given transition 1§ allowed in a free ion can be de-
termined by the parity of the integral <¢élﬁ}¢e> where the symmetries
-of we and wé are those of the ground and excited electronic states.
The value of this integral is defined as the transition moment, and ﬁ

is the dipole moment operator.
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- -
M o« L e, (9)
where r = xJ + y3 + 2k . ' (10)
The symmetry of the operator-is that of the Xs y and z coordinates;
the representations for the components of the operator will therefore
always be odd. Table XV lists these representations as found in the
character tables for Oh’ D4h and D2h' If we and we are both even
functions, as they must be arising from d orbitals, this integral will

be odd and will vanish. As mentioned earlier, d-d transitions are

parity forbidden.

Table XV

Representations: of the Dipole Moment Operator

0h D D

_h 4h 2h
Ty oys2) By (. y) By, (2)
| ' By, (¥) |
Ao (z) 2u 3
By, (x)

Magnetic dipole fransitions may also be observed; but are usually
much less intense than electric dipole transitions. If only the elec-
tronic wavefunction is considered, an allowed electric dipole transition
is about 103 times as intense as an allowed hagnetic dipole transition.
The magnetic dipole moment operator has the symmetry of the cross
product,'? X 3, and transforms as the rotational repfesentations, Rx’ Ry

or RZ of the point group in question. Because these representatfons

possess g symmetry, magnetic dipole transitions are parity allowed for
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d-d transitions. The integral whféh hust be considered to determine
- whether the magnetic dipole transitions are symmetry allowed is
<wé]§lwe>. The direct pFoduct is found in the same way as for elec-
tric dipole transitions and must still contain the fota?]y symmetric
representation fbr an allowed transition to occur.

Utilization of* the symmétry of the electric dipole moment operator
to determine whether or not a'transitioh is allowed assumes that the
é]ectronic wavefunction, we; js completely independent of the vibra-
tional wavefunction, wv. _ When the ion is in a crystal, vibration of
the atoms may momentarily Qestroy the g character of we in the local
site symmetry. Such interaction between Vo and by, is called vibronic
coupling.  An expanded integral can now be written, <¢é¢&lﬁ|¢v¢e> .

_ to describe the transifion moment. = If this integral is nonzero, the
transition is vjbrohica]]y allowed. The spectral bands which arise
from such transitions are on the order of 103 times weaker than those
which are syhmetry and parity allowed for pure electronic transitions.. -

The introduction df vibronic coupling implies that the direct
producf of the characters of five representaﬁions must be calculated to
determine whéther or not the integral vanishes. This can be sfmp]i-
fied to some extent. Since by, is totally symmetric in the ground
state, multiplying by its‘répresentation will not change anything, and
it need not be considgred. A1so; any representation multiplied by it-
self must-contain the totai]y symmetric repfesentation. Therefore, if
one of the representations spahned by the‘direct product of wé.ﬁ we'is
also one of the odd normal modes df vibration of the excifed state, wc,

the integral will be nonzero. For all nonlinear complexes, 3N - 6
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.vibrational hodes'exist, where N is the number of atoms in thé-complex;-
in octahedral coordination N = 7, giving rise to 15 modes. Their rep-
resentationé ére determined by assigning normal .coordinates to each '
atom and observing how they transform under the symmetry operations.of
the point group in duestion. Each character is a sum of 21 terms,
most of which fortunately turn out to be zero. For example, 1'n'D2h
the first‘operation other than E is C2(z). If a MLg molecule is rota-
ted 180° about the g_axis,_fdur atoms change positions, thus contribu-
ting nothing to the trace. This rotation is shown in Figure 28 where

z is defined by the M-L, bond.

L1 L1 z
| L " 1 |
S 4 C2 ) 7 -3
L M L > M L L y
1
6L ’//,I 5 5L'/// i 6 ///
3 4 X
L2 . L2
Figure 28 C Rotation:in Normal Coordinates

2

The three atoms which Tie along. the rotation axis do not move; their
coordinates transform according to the following matrix. The prime
indicates the coordinates after the rotation operation.

JA

Xy Y

I '1 71
Xi -1 0 0
Yi 0 -1 0

Z, 0 0 1
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The coordinate axis, Z, which is also the rotation axis, is unchanged
by the operation, but X and Y become -X and -Y. This occurs for three
atoms so the trace is -3 for the CZ(Z) operation in D2h‘ This process
is continued for each operation in the point group. The resulting rep-
resentation is réduged and the terms due to translation and rotation
are removed. The remaining terms are the irreducible rebresentations
of the normal modes of vibratioﬁ of the complex. These are tabulated

for 0,, Dy and D, symmetries in Table XVI.

Table XVI

Normal Modes of Vibration

0, Apg * Eg 2Ty + Tog + Ty,
p4h 21y + By + By + Eg o+ 2, + By, + 3E
Dy 3Ag + Byg + By * By * 3By, + 3B, + 3By

The transition moment integral will also vénish if the initial and
final states do not possess the same spin; this is the selection rule
AS = 0. The electronic wavefunction may be written as the product of
orbital and spin components, we = wows. Since the dipole moment oper-
ator does not involve spin, the 1nt§gra1 may be written:

<uy ity > <vllve> (11)
Orthogonality requires the second integral to be zero, if the spin
wavefunctions of the excited and ground states differ.

With the symmetry and splitting information éontaineq in Tables
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XII through XVI, one can determine whether a particular transition is
allowed or forbidden_in the geomethy described by a giveﬁ point group.
Ligand coordination for the complexes of the series investigated in
this work suggests that D4h is the highest possible symmetry for the
Tocal sites. Pleochroism and polarization data indicate that an even
Tower symmetry, DZh’ best describes the.meta1 environment. T-S dia-
grams provide the relative positions of energy 1eve15’for régu]ar octa-
hedral ‘complexes only. To construct an energy 1eve1'd1agram for D2h
complexes, one may either perform the tedious numerical calculations
required to find the sign and magnitude of the sb]itting, or one may as-
sume that the further splitting of the octahedral levels in Tower sym-
metry is small compared to that whiéh occurs going from spherical to
octahedral Tocal site.symmetry. Since SCF computations of -open shell -
configurations are beyond the scope of this investigation, the latter
assumption is made.

In the complexes in question the fransition moment opefator, T1u ,
in 0,, indicates that all the, transitions are allowed. In.D4h all of
the transitions are allowed in x- or y-polarized light, while some are
forbidden in z-polarized 1fght. This pattern allows for dichroism,
but.not p1eochfoism. Only in D2h symmetry do the three componenfs of
of the transition moment operétor transform as three different represen-
tations, and thus permit three djfferent spectra.

A large number of workers have'published crystal spectra of the di-
valent ions of Mn, Fe, Co, Ni and Cu 1n'vafjous.envjronments; but very
little information correlating polarization and pleochroic effécts'ap-

' peaks in the Titerature. In addition most of the spectral
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assignments are made utilizing octahedral or square planar symmetry, an

assumption which does not allow fof the pleochroism so strikingly evi-

“dent in the mixed metal crystals of the TMAM_M! _CI -2H20,series.

X 1-x7"3
Even when polarized spectra were taken in many cases a single crystal

face, that produced by the gréwth habit, was utilized. CrystaTs which
grow with faces a]jgned a}ong;eithér a vibration direétion or a unit
cell axis are not common; therefore, many of these polarized crystal
spectra remaiﬁ unresolved. = No system reported in the 1jterature of-
fers the simb]icity of orthorhombic symmetry coupled with the wide
varjation iﬁ color demonstrated by the metal ions in this series.

Energy level diagrams-for the following spectral discussions are
based on Titerature data wherever possible; in most cases the symmetry
has been lowered and splitting assignments have been made to best fit
the observed polarized spectra. The spectra are discussed in the fol-
lowing order: Mn(II) ion (31-36), Co(II) don (34-41), Fe(II) ion
(42-46), Ni(II) ion (47-51) and Cu(II) ion (52-61).
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MANGANESE §PECT?A

‘ The first spectra to be examined iﬁ detail are those of the pure
‘Mn. crystal TMAMnC13-2H20. "For a complex Eontaining'high spin MnkII)
-all transitions are spin forbidden as well as parity forbidden, if only
the electronic wavefunction i§ considered. The.parity‘resfriction
may be removed by invoking vibronic coupling, but because these tran-
sitions are still spin fqrbidden, the observed peaks'shou1d be narrow
and relatively weak in intensfty. The ground state, 65 in R-S nota-
tion, is a half-filled subshell which transforms as the totally symmet-
'ric representation -in any point group. Theé transitions to excited ‘
states require the pairing of two eﬂectrons; these excited states are
" the quartef terms .G, D, P and F Tlisted in order of increasing energy.
This ordering is obtained from the T-S diagram.which was.constructed_by
utilizing SCF methods. - With reference to a T-S diagram and the infor-
mation in Table XIII an energy level diagram for the‘visib1e sbectra of'
weak field Mn(II) comp1exes in Dzh symmetry may now be constructeq.
This is shown in Figure'29. |

For high spin Mn(I;) complexes the ground state.is Ag,in DZh’ SO
oﬁ]y the characters of the operator and the excited electronic state
need be cbnsidered to determine Whether or not a given transition is
.vibronically allowed. T-S diagrams'show that the 1owest‘excited'ener-

gy level for Mn(II) in O symmetry is T1g which splits into Blg + B2g +

839 in Do as shown in Table XIII. If g;polarized light is used to

excite the comp]éx, the transition moment integrals are <Bng83u|Ag>{
-<Bzg]B3u|Ag> and <B3g|B3u|Ag> for electric dipole transitions to these-
excited states. -The direct products are BZu’ B1u and Au‘respeétively.
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Because A 1is not one of .the normal modes of vjbration in Doy the Tlat-
ter transitipnlis viﬁronica11y forbidden._ A peak correspondiné.to this
transition and.visﬁblé in y- or z-polarized Tight would disappear in x-
polarized 1ight.” Calculations similar to those above have been per-
formed for the possible transitions in all po]arization§ which'would
give rise to peaks in the near IR and visible regions of the spectra for
Mn(II) complexes of Do, symmetry. ‘The results indicate one forbidden
fransition for each polarization direction:

Ag -+ B3g in x-polarized 1fght

Ag > Bzg jn y-polarized 1ight

Ag-+ Blg in 57p01arjzed light
A1l other transitions are wvibronically allowed and should show no po-
larization effécts.

The problem of relative orderjng of the energy levels giving rise
to these peaks now becomes important. Group fheory provides no infor-
mation on the magnitude of thé sp1itting and SCF methods have not been
applied in Dzh symmetry fof these complexes. Thé energy levels were
therefore ranked arbitrari]y so as to yield the best correlation of‘thé
observed peaks and‘their polarizations with the predictions of group '
theory. 'For_fhe spectra of the TMA saits whfch contain Mn(II) it was
necessary to invoke rather ‘Jarge splittings in two cases to account for
the experimenté] observations. With this assumption, héwever, the |
Mn(II) spectra can be satisfactorily explained with the exception of a
very weak band at 460 nm. This band was ultimately assigned as a mag-
netic dipole transition. The fransition assignments for the observed

peaks in order of increasing energy are discussed in detail below.
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Figures 5-14 display the polarized spectra of the Mn containing
crystals; F1gure 5 specifically contains the polarized spectra from
crystéls of the pure salt, TMAMnC13-2H20 The following discussion is
limited to those peaks due to the Mn(II) jon. The Towest energy peak °
seen consistently in all crysta]s occurs as a broad band with a maximum '
at 530 nm; -evidence exists in some crystals of another smaller peak at
about 580 nm. The crystais in which this '‘peak appears are -of very high
quality and thus it is treated here as a real peak. In Tight of vari-
ous po1arizations the bandlat 530 nm shows definite changes in shape,
the most dramatic of which is a very 1arge decrease in intensity in y-
polarized light. In x-polarized light this band 1is most intense while
the band at 580 nm has totally disappeared. Two peaks afe Qbserved in
both y- and g:po]ariéed light; their intensities are greater in z-po-
larized light, although not a§ large as the 530 nm peak in x-polarized
light. Inspection of Figure 5 suggests fhat the relative ordering of
these ‘energy 1éve1s arising from the octahedral T1 level should be

g

B,. < B, <B, ; this besf fits the observed polarization effects as is

39 1g 29°
shown in the energy level diagram for Mn(II) in Figure 29 on the fol-

Towing page. It is Togical to assign the A_ + B3g transition to the

g
peak at 580 nm which disappears in x-polarized 1ight, as it should

based 6n group theoretical predictions. The band centered around 530
nm can reasonably be'B1g + Bzé‘as it has maximum intensity in x-pola-

rized 1ight where both transitions are allowed. The Ag -+ B, transi-

29

tion seems- to be stronger than the A -+ B. transition, because this

g g _ _
band is more intense in z-polarized light than in y-polarized Tight.

However, due to variations in crystal thickness and scattering as the
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qrysta] is rotated.to obtain all three polarization directions, inten-
sity is not very conclusive evidence for the ]atter statement.
The peak at_460 nm cannot be assigned solely as an e]ectrid dipo1e'
transition. It is visible in y-polarized light, disappears in z-pola-
rized 1ight and is barely visible in 5;po1arized'119ht. There are two

transitions which should occur in this region, Ag + B and Ag + B

1g 29°
the former is forbidden 1ngg¢p01ariigd for an electric dipole trans?-
tion, allowed for a magnetic dipole transition. Sinceino peak appears
in z- pd]arized light, the weak:peak at 460 nm visib]é in x~-polarized
light is assigned as the A_ > B

g 1g
extremely weak transition is lost under the Targer peak present in-y-

electric dipole transition. This

polarized light. The behavior of ‘this larger peak suggests that

Ag > B29

for these transitions is even and magnetic dipole transitions are al-

may be a magnetic dipole transition; The operator symmetry

lowed in just those po]akizations-in which electric‘dipole'transitions
'are forbidden. This implies that Ag > B29 is allowed only in y-pola-
rized Tight which fits the observed spectra. .

Two distincftﬁeaks which behave quite differently in polarized
1light occur-at 412Anm and 418 nm.  In x-polarized light the very sharp
peak at 412 nm disappears completely; the broader, less intense peak
at 418 nm displays no definitive change in any polarization. If a
}arge ép1{tting of the T29(4G) energy level occurs, the transition
Ag - B3g could be the source pf the peak at 412 nm; this leaves the
Ag -> BZg transition at.lower energy which corrgsponds with the peak at
. 9(4
the unpolarized peak at 418 nm, and this peak is broad enoygh to

460 nm. The three Ag levels arising from Eg.and Al G) could yield
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suggest that there may be more than one transition under the envelope.

A similar Targe splitting of the T29(4D) is required to account
~ for the po]arjzation of the peaks a; 367 nm and 350 nm. Again the Ag
1eve]s fﬁoﬁ.Eg(4D) shqqu gfve-fise to an unpolarized peak,:but super-
imposed on this peak at 350 nm is the Ag f Blg transftion. . This peaK' '
is.drastica11y reduced -in intensity in z-polarized 1ight, but does not
completely disappear, presumably because.of the presénce,gf.thexunpolaé
rized Ag -+ Ag transitions. _ | ,

At about 330 nm the highest. energy peak in the speétral region is:
recorded. The slit on the,Cary 14 reaches maximum aperturé for useful
spectra in this regions. thﬁs¢ fhis peak could conceiyab1y be an ih;
strument artifact. However, although not visible in all crystals, the
peak.is consistently at 330 nm when it is seeh; it éTso di;appears”in
y-polarized light. -If'it is indeed a viable transition, if may be as-
é%gned as the Ag > Bég transition arisiné from the octahedral Tlg(4P).

Foster and Gil1l (31) have published unpolarized crystal spectra
for several Mn(Il) salts based on'octahedral geometry. Although none
of the cﬁysta1slstud1ed by these authors possess~the séme.chromophore
as TMAMnC13-2H20, the energies reported for_the.observedkpeaks in the -
visibie region agree duite well with those found in this work. Dingle,
et. al., (33) have examined the pb]arized crystal spectra_at low tem- -
pérature'of [(CH3)4N]MnC13; this héxagona] salt exhibits. two different
spectra as expected for a uniaxial crystal. Lawson (35) has reported
crystal speétra of MnC]Z-Zsz. _Thﬁs<m§noc]inﬁt compouﬁd contéins thevf
same chromophore as the TMA salt. Becéuée the transitions for the

Mn(1II) fon are spin'forbidden; varying the Tigand and geometry does not'
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result in a very large energy shift for the observed peaks; This
makes correlation of the spectra a straightforward task. Table XVII
Tists the'MnC12~2H20 peaks along with those obtaiﬁed in this work and

also assigns polarizations to the transitions.

Table XVII

Location and Polarization of Mn(II) Peaks

- MnCl+ 24,0 THAMACT 5+ 2H,,0 ~ Forbidden
Peaks (nm) Peaks (nm) Polarization
325 330 y?
348 350 2
367 | 367 X, y
373 '
412 412 «
416 418 none
466 460 ' X, z
525 | 530 v, z
580 X

To account for the observed polarization of peaks in the TMA salt,

a splitting of the T2 (4G) energy level large enough to cause overlap

g
with the Eg(4G) state had to be invoked. This assumption appears to
be in accordante-with the 1iterature data. The major peaks of the
spectra observed in this work are in excellent agreement with those of

Lawson recorded for the same chromophore. This close agreement




%
implies that the original assumption of a small perturbation of the
energy levels in octahedral symmetry to account for the splitting in
D2h symmetry js a valid one. . Although there are more possible tran-
sitions due to the decrease in symmetry, the splitting is small and
broader peaks are usually seen rather than more peaks. In one in-
stance a ﬁharp new peak is introduced (that at 412 nm) which is a sin-
gle, nondegenerate polarized transition; Gill has no evidence of this
particular transition for the unpolarized spectra in octahedral sym-
metry. On the whole the predictions of group theory are borne out

quife well by the observed polarized crystal spectra of the Mn(II) ion.




A
COBALT SPECTRA

0f the first row tfansition metals utilized in this work, Mn(II)
is the 6ﬁly 16n for which the transitions are spin forbidden as well as
parity forbidden; in the spectra of the Fe, Co, Ni and.Cu salts the
observed transitions are spin allowed. The peaks for.these jons are
thus broader and much more intense than those for Mn(II). In addition
the near IR region must be scanned for these ions, because some of the
Tower energy peak§ are seen there rather:than in the visible region.
In order to keep the peaks on scale for spectra of crystals containing
the d6 through d9 ions, either very thin cnyétals or crystals with a
very low mole fraction of these ions had to be selected. By grinding
an extremely.thin cross section of a crystal of TMAC0C13-2H20, polarized
spectra were obtained for this pure salt in the same manner as f@r the
Mn analog. The Mn-Co mixed crystals provided a much less intense
spectrum for the Co(II) ion, although it was complicated by the pres-
ence of the Mn(II) ion. The higher energy peaks of the Mn spectrum
are still visible and virtually unaffected, but the two Towest energy
transitions are lost beneath the much larger peaks due to the Co ion.

Comparison of the spectra of the Mn, Mn-Co. and Co analogs indi-
cates that there is no interaction between fhe metal jons in these
crystals; the Mn aﬁd Co individual spectra are simp]y additive.
There is a marked loss of intensity in Mn and Co individual peaks in the
spectfa of the mixed metal chysta1s, but this is to be expected due to
lower metal concentrations for both ions. The.habit for. the mixed
metal crystals also made thinner crystals available for these spectra.

Nevertheless, there is a good mapping of the Co peaks in the pure salt
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to those found in the mixed crystal, if one ignores intensity differen-
ces which cannot be avoided. The peaks_due to the d5 ion also mab;
except for the two which are'lost beneath the iﬁtense transitions of
the Co ion. Because of the intensity dffferences between a spin al-
lowed ahd spin forbidden transition, it is assumed“that any polariza-
tion effects for the beaké in this region.are due solely to the Co(II)
ion. | | |

4

. The R-S ground state for Co(1I), a d jon, is 'F; 1in an octahe-

dral field this splits into A, + T, + Tlg; the latter of which is the

.29 ‘
ground state as seen in T-S diagrams. When the degeneracy of the T1g
level is removed by lowering the symmetry to Déh,_three new energy

levels arise, B1g + B, + ng, any of which could be the new ground

29
state. Without access to SCF methods.the actual ground state may be
assignéd by cérre]atihg the predicted transitions with the observed
polarization data; for eééh ground state nine spih-a]]owed transitions
'whjch may yield peaks in ﬁhé visible or near &R regions must be con-
sidered. Group theoketica]leva]uat%on of the transition moment inte-
grals and comparison with the polarized spectra in Figures 6-9 elimin-
ate Byg as the ground state. Both Big ’
Co(II) spectra, but neither is satisfactory for the entire IR-visible

and B3g it portions of the

range. = Because identification of the ground state is crucial to the
discussjon of the TMACoC13'2H26‘spectra,‘previously published spectra
of other Co(II) crystals were examined to establish a valid frgmework
~ upon which to basé transitioﬁ'assignments,

Several arfic]es appear ‘in the Titerature (34-41) which contain

-po1arized'cﬁysta1 sbeptra'of'theACo(II) ion in_an environment similar to
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that found in the TMA salt. Ferguson and WOdd have published Tow
temperature data for CoC12-6H20 (38) and CoC12-2H20 (39). The dihy-
drate is of particular interest, because the:chromophorée in this com-
pound, C0C14(H20)2, is the same as that found in the TMA salt. An
energy level diagram has been constructedAfor D4h symmetry based on the
data for the hexahydrate which contains'Co(H20)4C12 octahedra. How-
ever, neither the spectra of CoC12-2H20 nor TMAC0C13-2H20 allows a rea-
sonable interpretation of fhe polarization patterns in tetragonal sym-
metry. Ferguson and Wood have atfempted to explain the IR spectra of
the dihydrate as magnetic dipole transitions in'C2h symmetry. Choice
of ground state is again ambiguous, and regardless of the choice made,
all of the observed peaks cannot be assigned.

For the TMA salts the electric dipole moment operator was origin-
ally chosen to describe the spectra because most peaks persisted in two
polarizations; such behavior is typical of d-d vibronic transitibns.
In the Mn.sa1t only one peak appeared which could not be assigned as an
electric dipole transition. In the Co analog many of the peaks de-
crease in intensity in two polarizations, behavior indicative of mag-

. netic dipole transitions. Another problem encountered in deaTing with
the Co(II) spectra is that not all of the possible transitions are seen
in the TMA salt, making assignment of peaks a tentative process.

Because neither electric nor magnetic dipole transitions alone can
accoﬁnt for the Co(II) spectra of these dihydrates, the question as to
whether both could be present must be raised. The intensity of a sym-
metry allowed magnetic dipole transition is much weaker than that of a

symmetry allowed electric dipole transition. However, in the solid
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" state where thermal vibrations are much Weaker, one can imagine that
an electric dipole transition which is parity forbidden and can be ex-
p1ained oh]y by vibronic coup]ing; might actually be of the same order
of intensity as the parity‘and symmetry allowed magnetic dfpo]e transi- .
tion. Thus, in these crySta]s one might reasonably expect a magnétic
dipole trahsition to appéaf at room temperature and an electric dipole
transition to persist at very Tow temperature. Work done in this lab
at rooh temperature on several crystals containing\Co(II) has yielded
- éonsistent spectra with'we11-defined peaks in the visible region, but
: gdod IR-spectra,haVé proven difficu]t tolattain. Lacking Tow tempera-'
ture dafa for the TMA salts, there is no evidence -to distinguish be-
tween the two types of spectra in fhis work.

The argument presented above can be tested on sﬁectré taken from
the literature such as those reported by Ferguson and Wood (38,39).
The energy level diagram for Cq(II) in Dy, symmetry is presented in
Figure 30 along with poséible splitting pétterns jf the'symmetry is
Towered to D2h' A]so'ingluded in this fjgure are the locations of
peaks in the C0C12-2H20 spéctra’and.the po]ariiations_calcu]ated assum-
ing that electric dipo]e-trahsitioné are involved. The relative or-
dering of the D4h eneréy levels, which establishes Azé as the ground
stéte, is based on the spectral data of Ferguson and ded for the hexa-
-hydrate, C0C12~6H20. - Explanation of the specfra of the dihydrate,
C0C12=2H20, rgquires a lower symmetry; The'épeétral measurements fof
the Tatter salt were made on.crySta1s whfch‘wére'oriented.with orthog-
onal axes, a', Q!and c where a' and b were defined by extinction direc-

tions. = These axes correspond to a, g;and_g_respéctive)y in the
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Figure 30 Possible Energy Level Diagram for Co(II)
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orthorhombic TMA salt. Careful comparison of actual polarization di-
rections W1th respect 'to the Co octahedra indicates that, although
C0C12-2H20,1s monoclinic, the visible spectra in all polarizations at
10 K are very similar to those in TMACoC13»2H20 at room temperature;
these cohpounds possess the same chromophore. The highest energy peak
in the nearAIR'also exhibits the same behavior fn both salts. Such
agreement demonstrates the Vg]idity of the assumption that thé spectra
of these two hydrates arise froﬁ the same energy level diagram. The
neaf IR spectra obtained by Ferguson and Wood cannot be satisfactorily
explained utilizing magnetic dipole transitions in C2h symmetry; in: x-
and y-polarized 1ight two peaks are always visible in the observed
spectra whereas on]y‘one is allowed based on group theoretical predic-
tions. _
| In the IR spectra all of the peaks can be explained if they are
assigned as electric dipoje transitions uti]izing‘B3g as the ground
state 1’n,.D2h symmetry. - Unfortunately, this requires a rather arbi-
(*F)

trary splitting of the E_ energy level which arises from the T

g 29
term as can be seen in Figure 30. The transitions from B39 to B1g ahd
BZg which arise from the same T1g term occur at such low gnergy that
they are not seen in the near IR region. The Towest energy peak ap-
pears at 1630 nm in Ferguson's spectra and may be assigned as the tran-
sition B3g - B2g which disappears in z-polarized light. The peak at
1200 nm which shows no polarization effects is assigned as the B3g +Bsg
transition.. The remaining peak at 830 nm corresponds to the B39 - B1g
transitjon which is‘fofbjdden'in y-polarized light, but this is an ex-

tremely weak transition in the CoC12-2H20 spectra. In addition to the
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unsatisfactohy'sp1itting of the Eg and 82g levels from D4h’ this model
suffers due to the total inapplicability of B3g as the ground state for
any of the peaks in the visible region.

Selection of B1 as the ground state in DZh yields a more reason-

g
able splitting arrangement as shown in Figure 31, but leaves the peak
at 1630 nm which should be the B1g - 82g transition unexplained either

as a magnetic or electric dipole transition. The B, -+ B, transition

, 1g -~ T1g
at 1200 nm is allowed in all polarizations as an electric dipole tran-
sition; it is forbidden in all polarizations as a magnetic dipole

transitidn. The peak at 830 nm can be assigned as the B B3g elec-

lo ™
tric dipole transition which is forbidden in y-polarized 1fght. It
can also be assigned as a magnetic dipole transition, if one assumes
that this peak has disappeared in the g;polérized spectrum. There is
some justificétion for both of these arguments.

This second model has another advantage in that the B1g ground
state.can be used to interpret the polarization patterns of the peaks
in the visible region as well. If splitting is small as symmetry is
lowered ffom D4h to D2h’ one_wdu]d expect B1g as the new ground state,

because AZg transforms as B1 . Although this is conjecture since the

g

E_and A,_energy levels from Tlg(4F) cannot be Tocated, it lends some

g 2
additiona? credibility to the assignment of B1g as the ground state.
The disadvantage of the energy level diagram presented in Figure
31 is that the beaks,in the spectra of the fMA salt must be described
as magnetic dipoie transiiions. Exb]anation of the visible spectra

also requjres a transition, a broad band between 500 and 550 nm, which

is very intense. in x- and y-polarized light, but weak in z-polarized
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Figure 31 Preferred Energy Level Diagram for Co(II)
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1ight. Ferguson and Wood have designated this peak as an "anomalous"
band; it Wi]] be discussed separately below.

On top of this broad band are two peaks which are assigned as mag-
netic dipole transitions; these two peaks at 515 and 545 nm represent
the B1g - B29 and Blg - B3g transitions, respectively. Thé peak at
515 nm is allowed only in 5;po]ari;ed light; that at 545 nm s allowed
only "in y-polarized 1i§ht;

The peak at 610 nm is the Towest energy trans{tion in the visible

region; it is assigned as the B, - Ag transition allowed only in z-

1g
polarized light. This peak is located at the same wavelength and is

polarized in the same way in both TMA00013-2H20 and CoCl1,:2H,0; the

272

latter displays better reso]utidn due to Tower temperature.

The hiéhest energy peak in the near IR occurs at 830 nm for both
of these complexes as well and also behaves similarly in polarized
light. In the TMACoC13-2H20 this beak is seen only in y-polarized
light; this corresponds to the B1g - B3g magnetic dipole moment tran-
sition. The remaining two IR peaks were never seen in the spectra of
the TMA éalt whi;h were taken at room temperature. '

The highest energy Spin allowed magnetfc dipole transftiona

B, - Blg(4p) is forbidden in all polarizations; such a peak does not

1g
| appear in any of the Co(II) spectra. Ferguson and Wood report a
charge transfer band at 395 nm whi;h increases in inteﬁsity as tempera-
ture decreases; it is polarized perpendicular to'the chain direction.
This particular peak is ndt'seen-in the spectra of the TMA salt, but

absorption is increasing as the slit opens beyond useful aperture in

this region. A very weak peak appears at 425 nm in the TMAC0C13»2H20
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spéctra which is not seen in the CoC]z-ZHZO spectra. Although it is
most intense in z-polarized light, it is visible in x- and y-polarized
>1ight as well. This is the only beak which is not clearly visible in
both the pure Co and the mixed Mn-Co spectra. Because of its Tow in-
tensity in the pure salt, its absence in tﬁe mixed Mn-Co crystal would
-'not be surprising. Nevertheless, if one examines the Mn-Co spectﬁa
carefu]}y, there is some evidence of a shoulder on the‘Mn(Ii) 418 nm
peak which may be this transition. This peak may be exp1ained in two
© ways: as thg B1g - B1g electric dipole transition or as a spin forbid-

26 term

den transition to one of the energy levels arising from the
which falls in this range as seen on the T-S diagrams. The intenéity
is very low for an electric dipole'transitioni thus, the Tatter inter-
pretation 1s'preferred.

Description of the Co(II) sﬁectra in the TMA salt as magnetic di-
pole transitions leaves only one peak unexplained. This broad, in-
tense band present in x- and y-polarized 1ight almost comp1ete1y‘disap—
pears in z-polarized 1%ght; ' Altﬁpugh one would expect it to be an
electric dipole transition, since it is present in two polarizations,
no choice of ground state in either D2h or D4h symmetfy.can account for
its po]arization.. Ferguson and Wood have described this peak as an
"anomalous" cfysta] field band utilizing water vibrations to induce in-
tensity for some of the doublet terms which are spin forbidden. Be-
cause of ffs intgnsity; it is difficult to accept this peak as a spin
forbidden transition. The peak is well documented, appearing in a]i
Co(II) spectra, but only in symmetry as low as Doy does its interpreta-

tion become a problem. It has é1ways been described as the Tlg(4F) to
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4
g(

pole transition in tetragonal geometry; without polarization data no

T1 P) transition in octahedral géomethy or the A29 to Eg electric di-
conflict arises in terms of the energy level diagram. More sbectra]
work needs to be done utilizing polarized Tight in complexes of lower

symmetry in order to fully explain the origin of this peak.
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IRON SPECTRA

Crysta1s of the pure Fe and the pure Ni ealts were never grown
large enough for spectra to be recorded from them. However, preces-
sion photographs of these need]e like crystals 1nd1cate ‘that they are
also orthorhomb1c, isomorphic with the Mn analog. - This 1nformat1on,
coup]ed w1th the fact that the Mn-Co mixed metal spectra are s1mp1y the
“sum of the spectra of the individual pure salts, 1eads one to assume
that the Fe(II) and Ni(II) spectra may also be extracted from the
spectra of the corresponding mixed metal ana]qgs. "Crystals of the
mixed Mn-Fe and Mn-Ni salts which are suitab1e for‘coliection Qf spec-
tral deta are obtained fairly readily. Even though epin allowed tran-
sitioﬁs exist for these two ions, their spectre shou]d‘be relatively
simple, because there are fewer possible transitions.

The energy level diagram for Fe(II) is presented‘in Figure 32.
The R-S grqund state, 5D, sp]its into Eg + ng in octahedfa] symmetry;
the ng level is the 0h ground state. As in the'case of the Co(II)
ion, there is some ambiguify in designation of the ground state when
the syhmefry is 1owered.to D2h5 any of the three levels which arise,
from ng may be the D2h ground state. The number of peaks observed in
the polarized spectra of the. Fe(Il) salt depends a ‘great deal upon the
magnitude of the sp]itting of the energy levels in orthorhombic symmet-
ryf_ If ‘the splitting is sma]], only one peak may be visible. ‘If the
-'sp11tt1ng of the energy levels from Eg is Targe, one would expeet two
peaks, both ground state to Ag transitions. If the splitting‘of the
Tég Tevel is also large, one could expect a maximum of four spin al-

lowed transitions in the Fe(II)ﬁspeqtra. As in the Co(II) spectra,
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the peaks due to transitions among the energy levels from splitting of
the ng term are not considered, as they are so low in energy that they
are unlikely to be observed. Three possible ground states must be
considgred: Blg’ B29 and 839. One qr perhaps two peaks ought tor
occur in the near IR.

A cleavage fragmept, a c]ear cryst§1 containing the b-c cross sec-
tion, was ufiTizea to collect the observed polarized spectra of the
Mn-Fe sé]t. No peaks appear in the visible regipn other than those
ascribed to the Mn(II) ion. One large-peak appears in the near IR at .
1060 nm and is identical in shape and iﬁ intensity in both y- and z-
polarized light. Unfortunate]y,'due to the habit of the Mn-Fe crystal,
the spectrum in x-polarized light could not be obtained. Based on the
evidence avai]a?]e, the assignment for this peak implies a B3g ground
state for the Fe(II) ion in D, symmetry. However, lacking the x-po-
larized spectrum, this assumption cannot be verified.

The optical and near IR spectrum for Fe(C4O4)(H20)2 in unpolarized
light has been determined by Long (42); no peaks show in the vigible
‘ regioh and two b}oad bands appeér at 930 and 1180 nm. | Long .assumes
tetragonal symmétny and assigns these as transitions from an undeter-

mined ground state to Al and B1 respectively. The resolution be-

. tween these two peaks isgnot'gooi; if they were not resolved, fhe max-
imum would occur at 1055 nm which is very close to the value observed
for the single peak in the TMA sa1t. It may be that the two energy
levels are not split very much in the TMA salt, and thus remain unre-

solved.

Putnik, et. al., (43) have examined polarized crystal spectra of
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RbFeC]3 and CsFeC]3 at 4.2 K. These compounds cnysta]]izé in the
P63/mmc-space group and exhibit two colors in po]arized light, red and
yellow. However, the broad band at about 1330 nm which these authors
identify as the ng > Eg transition remains unchanged in a- or c-pola-
rized Tight. The colpr change in this compound appears to be due to
polarization of the spin forbidden transitions to triplet states. It
is interesting to note that this compound has hexagonal'symmetry as did
the [(CH3)4N]MnC13_discussedlear]ier (33) and is therefore uniaxial;
two diffefent spectra are again predicted.

Polarized spectra of minerals which contain Fe(II) such as gilles-
pite, fayalite and almandine a]sd show a peak in the near IR at about
1000 nm (44). Other workers have found similar peaks (45,46). Thus
the observed spectra of the Fe(II) TMA salt corresponds to those found

in the literature for Fe(II) compounds. Unfortunately, without. the

X-potarized spectrum, the ground state caﬁnot be proven to be B3g.
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NICKEL SPECTRA
The transitions involved for the Ni(II) ion are illustrated in

Figure 33. The ground state in Oh symmetry, A, , is already a one-

29

dimensional representation so in this case there is no problem assign-
ing the ground state in D2h symmetry; AZg transforms as Ag' The two
and ng, which arise from the 3

triplets, T F term are each split into

1g

B, + BZg + B3g in any order; the Tower energy term, ng, probably

1g
involves a transition low -enough in energy to be located in the near
IR.  There is also a T1g in octahedral symmetry which arises from a

3 .

P term; this yields a third band composed of B1g + B, *+ B, . The

29 39
latter is the highest energy spin allowed transition and should appear
in the visible region. ‘ |

The Mn-Ni crystals large enough to be utilized for spectral meas-
urements contained very low mole fractions of Ni(II); this ion is the
least soluble in the Mn(II) lattice site. The z-polarized spectrum
faken on a thin crystal yields peaks of extréme]y Tow intensity.
Attempts to increase the intensity- of the observed peaks by using lar-
ger crystals resulted in so much scatter that peaks could no 10nge? be
identified.

In the Mn-Ni polarized spectra a broad band appeaks in the near IR
at 825 nm which is visible in y-polarized light. If it is actually
present in x-polarized light, it is a very weak transition. It does
not show in z-polarized light, but this may be due to the thinness of
the crystal and Tow Ni(II) concentration rather than to polarization

effects. In the visible region there is a peak at 440 nm; this is

superimposed on the Mn(II) 460 nm peak which makes sdrting out the
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polarization effects difficult. As the polarization direction is
changed, this‘peak does indeed shift location and change in shape

slightly. This indicates that it could be the high energy visible
transition predicted by group theory, the electric dipole transitfon
from Ag to thg three closely spaced levels, Blg.+ B29 f B3g, arising.
from Tlg(?P)f Examination of the polarization gffects suggests the
sp1jtt1ng B3g.1ower than Blg lower than BZg' .

The literature on Ni{II) salts deals primarily with low tempera-

ture investigations of magnetic chains of the type AMXS, The'Ni(Ii)
compounds RbNiC13, C;NiCl3 and [(CH3)4N]N1'C13 (47,49) belong to the
same generaltcategofy as the Fe(II) compounds (43) which were discussed
- in the preceding section. _ The Ni(II) ion can also be doped into the .
salts KMgC1é (48) and CsMgC13 (49). Al11 of the above compounds belong
to the P6,/mmc space group except [(CH3)4N]N1'C13 which crystallizes in
P63/m. Such crystals are uniaxial with fhe possibility of .dichroism.
These workers have obtained polarized spectra; however, they again de-
scribe the trénsitions in terms‘bf octahedral symmetry. Many peaks are '
present in the spectra o% these compounds which aré not seen in the TMA
salt; spin forbidden as well as spin al]owéd transitions appear in the
Tow temperature spectra. The spin al]owedhtransitions‘from AZg.to
T29(3F), Tlg(BF) énd(Tlg(3P) are located atll430 nm, 850 nm and 460 nm, :
respectively. The Tocation of the two higher energy peaks correlates
quite well with those ob;erved in the Mn-Ni TMA salt at 825 nm and 440 .
nm. Resolution of tﬁe 440 nm peak allows assignment of the re]atfve
order of the B1g + 32g_+ B3g 1evé1s‘and its location is supported by

the 1iter§ture data. ~ However, the peak in the near IR at 825 nm cannot
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be split based on the polarization data with any degree of certainty.
The lowest energy spin allowed transition is not seen at all in the

spectra of the TMA salt taken at room temperature.




113
COPPEﬁ SPECTRA

Several serious prob]ems.were encountered trying to obtain crystal
spectra for the Cu(II) fon. Due to the Jahn-Teller distortion exhib-
ited by the d9 jon, the pure Cu salt crystallizes in a monoclinic
rather than an orthorhombic space group. This makes orientation of
the principal vibration directions a more difficult problem than for
the orthorhombic crystals. As has been mentioned previously, the unit
cell axes in the pure Cu salt are redefined as compared to the ortho-
rhombic unit cell; by crystallographic convention the unique axis in
the mohoc1infc cell is defined as b. In the Cu salt thisvg_axis hap-
pens to correspond_to the direction of hydrogen bonding; the chain-
akis is along a. The a-b c¢ross secfion of the pure Cu unit cell
therefore corresponds to the orthorhombic b-c cross section. In the

d9 ion the x2-y2 and 22

orbitals split so that the lone electron occu-
pies the higher energy orbital. This, the Jahn-Teller effect, causes
distortion of the square planar CuC14= arrangement with two of the

- Cu~C1 bonds lengthening, two shortening. The overall result is that
the ¢ axis of the unit cell is no Tonger perpendicular to the needle
axis, a; thé cell is now honoc]inic. ‘However, even though the unit
.ce11 axes are no longer orthogonal, the three principal vibration di-
recﬁions remain so. The:unique axis may define one vibrational direc-
tion within the monoclinic indicatrix, but there are no restrictions

on the location.of the remaining two. Location of these vibration di-
rections with respect to the unit cell axes is necessary if unambiguous

spectra are desired. Examination of a TMACuC13-2H20 crystal mounted

and oriented on a goniometer head fixed to a graduated stage and
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betweén crossed polarizers indicated parallel extinction in the a-b
plane and an extinction_angle of approximately 30° from the a axis 1in
thé a-c plane. With respect to the chromophore these extinctfon di-
rections are identical to those found by Ferguson and Wood in the

dihydrate CoCl =2H20 (39).

2

Extremely thin plates of the pure Cu'sa1t are easily grown, yield-
ing samples for spectra of the a-b cross section. Large crystals are
also readily obtained which may be sliced in the proper orientation to
give access to the remaining direction necessary for a complete set of
polarized spectra. Thus, it is theoretically possible to solve the
pfob]em presented by the monoclinic structure of the pure Cu salt.
Howevér, decomposition of the pure Cu érysta1 when exposed to the IR
sourée made it impossible to obtain the desired polarization data..

In the Cary 14 the IR source, a high intensity tungsten lamp, is
located in the compértment adjacent to the sample ce]].. The extreme
sensitivity of the Cu TMA crystals to the IR souﬁce may be explained by
- this proximity, coupled with the fact that the sample is irradiated by
the éntire output of the source throughout the scan. '

There ére several possible explanations for this décomposition:
one is 1635 of water which seems tb be a prob]eﬁ for this hydrated salt
even at room temperatﬁre. Previoﬁs work done in this lab (52) offers

another explanation: 'a photochemical redox reaction may take place be-
tween the Cu(II) and the ch1oride ions. Either or both of the above
may occur during a scan, rendering the resulting spectrum unusable.

Mixed metal crystals containing Cu can be.grown in either the or-

- thorhombic or monoclinic space group; thus, the structure problem can -
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be circumvented'by ée]ecting a mi*ed metal crystal with a Tow mole frac-
_ tion of»Cu for spectral work. The Mn-Cu crystai'with the least Cu was
chosen both because of its lath-like habit for easy orientation and its
lack.of interfering peaks due to the presence of the Mn{II) ion. The o
mixed metal crystals proved more durable than the pure Cu‘sa1t, but |
they were a1so,susceptib1e.to damage by the IR source. Despite all thé
precautions taken, info}matiqn on the Cu(II) polarized spectfa gained
from the Mn-Cu crysta]s is not as complete as that for some of the other
jons studied. Even though the crystal remained intact during a scan,
the intensiiy of transitions due fo the dg jon drove the peaks- off sca]é.
As the ;rysta]s were groundAthinner, decomposition once qgain occurred.
Low temperature spectrﬁAwpuld have been he]pfu1,'buf this capability
was unavailable on the Cary 14. Tﬁis pfob]em‘with intensity of‘the
chlorocuprate spectra has been observed by other workers as we1i.

There is a great deal of literature data concerning Cu(II) spectra,
but few workers have looked at this ion in Doy, symmetry (53-55).
Hitchman_and Cassidy have studied two salts in which the planar CuC14=
unit is presént; these are (methy]phenethy]ammon1um) CuC] (54) and
(creat1n1um)2CuC14 (55) hereafter designated as AZCu014 and A' 2CuC]4
There is no axial ligation in these compounds, the nearest axial atom
lying more than 3.Q A d1stant from the central Cu atom; there are two
slightly different Cu-Cl boﬁd lengths, 2.23 A and 2.27 A in A'éCuC]4 '
and 2.25 K and 2.28 K in A2CuC14, making the local gite.symmetry for
these compliexes D2h‘ Hitchman and Cassidy have assigned transitions
for the d9 ion from whi;h the relative spiitting of.the'd orbitals can

be détermined. This is presented in Figure 34; they noted that the
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d22 qrbita] was 1owéred in_energy'much more than was expected. The
energy level diagram based on symmetry representations along with pola-

rization data is shown in Figure 35.

CuCl

A2 4 TMACUC13'2H20
Splitting Arrangement - Splitting Arrangement
2 2 : 2
//—x-y e «”"——-Z
/; g S~ - X2_y2
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N\ 2 \\
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Figure 34 -Splitting of the.d Orbitals in D2h

Although. the orbital splitting pattern proposed by Hitchman and
Caésidy (54) fits.the spectra for the two planar complexes, it canﬁot
explain that of the TMA sé1t. Only low temperature data were reported
for A2CuC14, but the room temperature spectra of A'20u014 in one po-
1arizatioﬁ is virtué]iy identical fo one of the polarized spectra of
the TMA salt. waever, the polarization effects predicted by group
theory do not match even when the cell axes are compared with respect
to the chromophore orientation. Therefore, one must assume that a

different splitting arrangement is reéponsib]e‘for the Cu(II) spectra




117
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Figure 35 Eneﬁgy Level Diagram for Az(fum4 in D2h
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in the TMA salt.

There is axial ligation in TMACuCI3-2H 0; the Cu-0 bond length is

2
. . [e) . . .

about 2.0 A and the two Cu-Cl1 bond lengths are 2.3 R and 2.8 3; An-

other difference between the dihydrate and Hitchman's salts is the ex-
tent df the distortion within the CuC14= plane. The Cu-Cl distances

2CuC]4 whereas in the TMA salt they différ by

o] .
0.5 A. These differences in geometry seem to favor a different orbit-

differ by only.0.04 A in A

ol splitting pattefn in TMACuC13~2H20.‘ To compbund the problem fhé-
Cu(II) ion has been doped into an ortﬁorﬁombic site dominated by tHe
Mn(II) fon. In THAMNC1 5+ 2H,
Mn-C1 bond distances are 2.5 A and 2.6 A.  This suggests that the -

0 the Mn-0 bond distance is 2.2 A; the

ion is forced into an octahédra] S£rﬁcture where the axial bond lengths -
are shorter than the equatorial bond iengths, although the éctua] en-
vironment i; probably somewhere'Between that of the twq pure end mem-

~ bers.of the TMA series. | |

Several possible ép]itting arrangements exist for the d orbitals;
‘the one proposed in Figure 34 can be used to cohstruct an enérgy feve]
diagram suitable for the explanation of the observed polarized spectra
of the Mn-Cu TMA salt. Syhmetry representations basgd on this sp]if-
ting arrangement are shown in Figure 36.

'Theré are only five péssib]e electron configurations for the d9
ion. Placing nine electrons in the d orbitals results in the same
symmetry as p1acihg one hole in these five orbitals. Therefore, the
symmetry of the'drbital océupied'by the unpaired electron will be the
symmet}y of”the state.' The.d orbital splitting patterﬁ proposed for
the TMA salt in D, 1s reasoriable in that the Cu-0 bond which defines
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the z axis is the shortest bond; the most repulsion will be along z,

2

makfng the z™ orbital the highest energy level. The x and y axes lie

within the CuC14='p1ane; the Cu-C1 bonds are longer than the Cu-0

bond, so there is least repulsion along x.and y. Presence of the

Cu(II) ion distorts the nearly square planar CuC]4 arrangement; this
will remove the Qegeneracy of the xz and yz orbitals. The t29 triplet
is split so that the xy orbital has the lowest energy, the xz orbital
is slightly higher and the yz orbital is the highest in energy oflthese
three.

f If nine electrons are to occupy the d orbitals as split in Figure
34, the ground state has the symmetry of the dzz orbital, Ag in D2h’

The lowest energy excited state is found by promoting an electron from

the x2-yz orbital to the z2 orbital; the symmetry of this excited
state is a]so Ag. Transferral of an electron from the yz, xz or xy
orbitals y1e1ds excited states with representations B39, Bég and Blg’
respectively. This gives rise to the enefgy level diagram presented
in Figure 35. “

Spectra were taken of the b-c cross section of the Mn-Cu crystals;

in y-polarized light these crystals are dark amber, in gfpolarizgd

light they are Tight green. Four peaks can be identified in the near
IR for the Cu(II) spectra obtained, but only one remains on scale.
Due to the habit of the Mn-Cu crystals only the y- and z-polarized di-

rections were-accessible. A large peak, the top of which is off

~scale, appears in the near IR in y-polarized light; 1nterp01atfon in-

dicates that the top of this peak lies at 805 nm. In ggpolar%zed

Tight a broader double peak appearé§ the tops of both are .off scale,
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but interpolation suggests peak maxima at 860 and 895 nm.  In both of
these polarized spectra a well- defined shou1der is evident at 960 nm.

The peak at 960 nm is assigned as the Ag > Ag trans1t1on which is
unpolarized. The peak at 895 nm is the only one which does not fit as
an e]ectric dipole trdnsition; this IR peak seems to.disappear in y-
polarized Tight whereas it should only disappear in x-polarized light.
Because the IR region was scanned rapidly to preserve the crystal, this
peak may be hidden under the Targe peak seen at 805 nm. There is
some slight evidence of a'shoulder in the proper region, if one exam-
ines the spectrum closely. The peak at 860 nm is assigned as the
Ag - Bzg tran;ition; it is visible in gfpo1arized light and vanishes
in y-polarized 1ight. The highest energy peak in the IR region occurs
at 805 nm and i§ assigned as the Ag -> B1g transition which is‘forbidden
in z-polarized 1ight. The x-polarized spectrum would have provided
valuable additional data, but could not be obtained due to the habit of
these crystals.

In the visible portion of the Mn-Cu spectrum a peak appears at
548 nm in y-polarized 1ighf; it i§ not present in g;po]arized light.
This peak is tentatiVe]y assigned as a charge transfer band occurring
at relatively low ehergy; this band is presumably the.origin of the
amber co]or of the crystal in this orientation. The peaks due to the
Mn(II) ion can be seen in the z-polarized spectrum but the intensity
goes off scale soon after the observed peak in the x7p01arized spectrum,

Crystals of (CH NH3) MnC]4 and (enH )MnC]4 when doped with small

amounts of Cu(II) are deep red; Willett has reported a polarized peak

~at 480 nm in these crystals which is responsible.for the color (58).
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The chromophore for this peak 1is Cu016 whereas the chromophore for the
peak seen in the TMA salt is CuC14(H20)é. The Cu-C1 bonds are longer
in the ‘Tatter, and two chlorides have been replaced by water, which
should weaken the crystal field interactions. Thus,'these two peaks
may have similar origins.

One other system‘ha;lbeen'répoftedlin the Titerature which con-
tains a Mn-Cu mixtufe; Qimers of Cu(C5H5N0)C12-H20 .and,Cu(C5H5N0)2Ci2
| have been studied (59). The doped crysta]; also exhibit a color
change from the pure compounds (601; |

Willett, et. gl.,‘(58) worked with a very small range of mole
fractions, claiming that the Cu(II) jon cannot be forcedftohoccupy the
Mn(II) site, even though the space groups are identical for both end
members.  Work done by Campaﬁa at this éampus (61) indicates that the
entire range is possible for (CH3NH3)2MnxCu1_XC14. There also seems
to be no problem getting any mole fraction in the TMA series although a
structural change occurs as Xy ™ 1.

The existence 6f a.different color in mixed metal substances con-
taining Mn and Cu than is present in either pure end member is well
documented. The source for the péak in the visible region which causes
, this.color change has been postulated to be an electron transfer of ‘
some sort, either m,; to Cu or Mn td Cu. If an electron transfer oc
curs between Mh‘and Cu, this peak should be seen in ali Mﬁ-Cu systems;
this has not been obs' ved. Therefore, the charge transfer from Cl1 to

Cu induced by Tocal site interactions seems more proBab]e.
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CONCLUSION

Orthorhomb1c crysta]s of TMAM, M _ xC13'2H,0 where M and M' repre-
sent the'dnvalent trans1t1on metal jons Mn, Fe, Co, Ni and Cu weré
found to exist as solid sé]utions. The ease with which these jons are
incorporated into the Tatficé sites was estab]ished: Ni < Co < Mn < Cu.
Solubility {ncreases as the siée of the ion 1ncrea$es;' Cu is unusually
soluble because Jahn-Teller distortion increases the effecti?é size of
this ﬁon Cell paramefers were détermined for the mixed meta] salts
and also for the previously unpub11shed pure Fe and Ni analogs. These .
values ﬁ1t the trend expected, i.e. 1qnger cell d1mens1on$ for thé |
larger cations. | |
| Because these h1gh1y co]ored crysta]s are orthorhomb1c, the1r unit
cell axes are easily oriented-with respect to the electric vector E, of
polarized light. Utilizing D2h symmetry to account for the p]eochro-
ism exhibited by these'crystaTS, energy ]eve] diagramsAwere constructed
to fit the observed po]arized‘spectra; In the Mn(II) Specfra one peak
appears which must be assigned as a magnetic dipole transition; the
remainder were assigned as electric dipole transitions; In the Co(II)
~ spectra all of the observed peaks must Be assigned as magnetic dipole . .
tréhsitions. One peak remained.unexp1ained as either a magnetic or an
electric dipole transition; this "anomalous" band needs further study
before its origin can be fully understood. In the Fe(Ii)’énd’Ni(II)
spectra insufficient,po]arfzation data wa§«obtained.to establish and |
adequately support thelrelatiV¢ splitting pattern in a D2h energy level
diagram. In the Cu(II) spectfa the peaks were assigned solely as °

electric dipole transitions with a charge transfer band appearing in
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the visible region. In all cases the observed spectral data corre-
late well. with those in the Titerature for ions in similar environ--
ments. | |

Crystals with Tower Cu(II) concentrations and higher Ni(II) con-
cenfrétions'a?e neceséary to verify the exact splitting pattern in b2h
symmetry for these ioné. qu temperafure spectra of these crysta1s.
would provide a means to distinguish'between magnefic and electric d{-

pole transitions experimentally rather than solely by group theoretical

predictions.
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