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ABSTRACT 

Spect rophotometr ic  (diffuse reflection) and  T G - D T A  data  on the dehydra t ion  

o f  CuSO4 " 5 H 2 0 ,  Na2Cu(SO~)2 - 2 H 2 0 ,  M2Cu(SO-)2  • 6 H e O ( M  + =~ K +, Rb +, 
Cs + and  NH4 ~) and Co2Cu(SO4)3 - ! 8H _,O are  given. Al though  comple te  dehydra t ion  
o f  CuSO4 - 5HaO bring_~ abou t  a str iking color  change  f rom blue to white, it was 
found  that  there is only a slight decrease in the ~ . , , .  o f  its d - d  band in the course o f  

this change,  and the total l ight absorpt ion  in the visible-.UV region increases at  the 
same time. T h e  dehydra t ion  o f  the alkali metal and a m m o n i u m  double  salts, most  o f  
which conta in  [ 'Cu(OH2)6]  2÷ aquo  ions (in contras t  to the I'Cu(OH2)4-I z÷ in 

CuSO4 • 5 H 2 0 ) ,  occurs  generally more  easily than tha t  o f  CuSO4 - 5 H , O :  and  their 
i:_.,, increases slightly in the change,  leading to blue o r  green anhydrous  products ,  

a l though the format ion  o f  a white modif icat ion was o b ~ r v e d  with the pot.q¢~ium 
salt. It  was also found  that the P,,~,,. o f  the Cu -'÷ ion in the dehydra ted  coba l t ( l l )  
double  salt is still lower  than tha t  in anhydrous  CuSO4.. i.e., the l igand field and :o r  
tetragonali ty a r o u n d  it is decreased by the presence o f  Co z÷ ions. 

I.NTRODUCTIO.N 

It  is well known that  blue CuSO.~ • 5HzO loses water  molecules on hea t in~  and  

changes  into CuSO.~ - 3H 20 ,  C u S O -  - H , O  and  then finally white CuSO4. Except for  
the monohydra te ,  the crystal s tructures o f  all these sulfates have been established by 
the X-ray analyses1-3;  the coord ina t ion  s tructure a round  the Cu 2+ ions in them can 
be shown ~hema t i ca l l y  as follows. 
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* The~ is anoth~ set of C'u ~e. where the C-~-O distanoe~__ are slightly longer (2.4:$ ~) while a p,~r of 
[he Cu-Ow d~xaces is sightly shorter ( ! . ~  a~). 
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tlcre O,,. means water oxygen and O means sulfate oxygen. 
We can roughly say that they are a series of  CuO 6 complexes of  comparable 

tetragonalities, with a prog.,~ssive substitution of  water molecules with sulfate 
oxygens, although the ~ymmetry in ,:.'uSO, is appareatly iowcr. 

Now it seems that there are no reliable data on the visible spectral changes 
accompanying if.is dehydration, although it was stated formerly by Basolo and 
Johnson" that the d -d  band of  CuSO4 - 5 H  2 0 ,  w h i c h  [s in the red t~art of  the visible 
r e , o n ,  must ~ shifted toward the IR region in the course of  dehyd.~ttion, owing to 
the decrease of ligand field strength (I.f.s.) around the Cu" * ion (the l.f.s, of  H , O  is 
stronger than that of  SO.~- according to the spectrochemical series), and lead to the 
disappearance of  the visible color. We therefore tried to get such kind of data by 
m~:a,:~ of the diffuse reflectance method. We also .'-nvestig.ated the thermal behaviors 

of  the double salts of  copper sulfate with sodium, potassium, rubidium, caesium, 
ammonium and cobalt sulfates by T G - D T A  and reflectance spectroscopy, and tried 
to find some correlations bctwctn the results obtained and those on copper su!fate. 

~.-g pF RI.,.!E~¢I'AL 

Preparation of samples 
Commercial copper sulfate pentahydrate (G.R. grade) was used without 

purifg:ation. The double salts of  copper sulfate with alkali metal, ammonium and 
cobalt(II) sulfates were obtained generally by mixing warm solutions of  the compo- 
nent sulfates in equivalent proportions together with a few drops of  c o n e .  H 2 S O 4 ,  

and allowing the mixture to stand at room temperature. The crystals which separated 
out were filtrated and dried in open air. The contents of  metal and H 2 0  in them 
confirmed the formulas W e n  in Fig. 2. 

Measurements 
The electronic spectra of  tile samph.~ before and after heating were obtained by 

the diffuse reflection method with a tlitachi EPS-3T spectrophotometer equipped 
with a standard integrating sphere attachment in the range 10000-30000 cm -~ at 
room temperature. The powder X-ray diffractograms at desired temperatures were 
recorded with a Toshiba ADG-101 diffractometer equipped with a Toshiba SU-021 
heating cell. C u g  -r or FeK~z radiations were used. The simultaneous TG and DTA 
were performed with a Shinku Riko TGD-3000 differential thermal microbalance 
in nitrogen atmosphere with a heating rate of  5°C rain -~. 15-20 mg of sample in a 
platinum crucible v,e~c u ~ d  for each measmcment.  

RF_~ULTS A.~D DLe '~L~ION 

Copper xMJ'ate 
As shown partly in Fi~ !, the d -d  band maxima of the hydrated and anhydrous 

copper sulfates were observed at 13200 c m -  1 (CuSO4 - 5HzO), 13000 c m -  1 (CuSO, - 
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Fig. !. ReP, c~anc,- six:etra of  copper sulfates. 

3H20) ,  12700 cm-  ~ (CuSO_. - H 2 0 )  and 12500 cm-  ~ (CuSO4), respe~--tively, in their 
reflectance spectra. This is in am'cement with the expectation from the spectrochemical 
series, and indicates that, in a series c f  complexes of comparable tetragonalities, the 
substitution of a coordinated water molecule with a sulfate oxygen weakens the 
apparent iigand field strength about 150-200 cm-  ~ (el. Introduction). 

in addition to this shift of  the absorption maxima, the following SlX-etral 
changes were ob~rved on dehydration: (i) the width of  tile d--d band Ix'comes 
gradually narrower with the advance of  dehydr'alion; (ii) a broad and very weak 
absorption appears near 20000 era-~ in the spectrum of CuSO.t - t i 20 ,  and, with 
somewhat increased intensity, in that of  CuSO.~; and 0ii) a strong absorption (prob- 
ably a charge-transfer band) appears in the ultraviolet, and shifts remarkably to the 
lower frequency' side with the advance of dehydration, indicating that the SO~- 
ions are getting more and more strongly bonded, as more and more sulfate oxygens 
are getting coordinated in the x - y  plane of  the complex and shared among many 
Cu z" ions. The nature of  the weak band near 20000 era-  1 is uncertain, but this band 
may be due to a highly square planar species formed in a small quantity, since it is 
known s that such a copper(l l)  complex with a substituted aeetylacetonate iigand 
~ves  characteristic bands in the region ! 5000--20000 era-  '. 

Both the slight red shift and narrowing of  the d--d band contribute to the 
disappearance of the blue color in ~oing from CuSO 4 - 5HzO to CuSO.~, but it is 
interesting to note that the total light absorption in the visible-UV region increases 
remarkably in the same change. 

The infrared spectra of the copper su l fa t~  are expected to ~ve  further informa- 
tion on the binding states of  SO.~- and H , O  in them. In the case of the pentahydrate, 
the triply degenerate stretching vibrations (vz) and the totally symmetric stretching 
vibration (I,,) of  SO~- were observed around ! il30 cm - t  a.ad at 980 cm-  t, respee- 
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l~g. ~ TG (solid line) and DTA (dotted line) of coppr~- sulfate and its double salts in nitrogen. 

tively, the latter with a very weak intensity. As for the trihydratc, r3 appe, ared at I070 
and ! 130 cm-  t, but r t was scarcely obs,:rvable. At the stage of  the monohyd~te ,  a 
large splitting o f t  3 (1065, ! 100 and i 196 cm- t) was observed and v t with a medium 
intensity appeared at 1018 c m - t .  v3 of anhydrous copper sulfate appeared at 1079, 
1090(sh), !!50, and 1210(sh)cm -I ,  and its vt appeared at 960 cm- t with a strong 
intensity. These data show that stronger coordination of  $O~- is accompanied by a 
remarkable lowering of  its symmetry, espet:ially in the latter two salts 6. The rocking 
mode of  H : O  in the pentahydratc (ca. 870 cm-  ' )  also splits into two in the trihydrate 
and monohydrate (6g and 63 era-  t, respectively), seemingly indicating that hydrogen 
bondings in them arc considerably stronger thz~-~ those i,, the pentahydrate. 

Double salts o f  copper Julfate 

It is now of  interest to compare the data on copper sulfate with those on some 
double sulfates of  copper. Figure 2 shows the T G - D T A  curves of  the sulfates studied. 
As an example, the data on K_,Cu(SO4)2 - 6HzO will be considered in some detail. 
This salt is dehydratgd in two steps ( - 4 H z O  at  43-73°C and - 2 H z O  at  93-146°C, 
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i.e., much more easily than CuSO4 - 5H:O),  and the anhydrous salt shows two 
endotherms at  3700C and 520°C (m.p.) without any weight loss. 

The d-d  band maximum shifts from 12800 cm-  1 (hexahydrate) to 13000 cm-  ! 
(dihydrate) and next to 13200 e ra - t  (anhydrous salt) in the course of  dehydration. 
The direction of  this shiq is titus apparently opposite to that observed with copper 
sulfate. 

Now the crystal of  the hexahydrate is known to be isomorphous with that of  
the ammonium salt, in which discrete [Cu(OH,)6"[ 2;" ions with the following bond 
lengths existT: 

O 

I ° 
O 

(NH412Cu(SO-)2 -6HzO 

It is clear that the tctragonality of  this CuO~ complex is much lower (i.e., it is much 
more octahedral) than that of  the complex in CuSO4 - 51120, which can b¢ expressed 
• "LS a planar ]'Cu(OHz).~] z :  ion with two weakly bonded anions above and below. 
This is probably the reason why the ~,~,. value of  this double salt is lower than that in 
CuSO4 - 5H20  since, among Cu(II) complexes with similax ligands, the decrease of  
tetragonality ¢ qen tends to lower the ~.,.,, On the other hand, the structure of  the 
anhydrous double salt still seems to be unknown. However, wc can ima~ne that  here 
the sulfate ions can be coordinated much more effectively, with higher l.f.s, or 
increased ~mz., than in anhydrous copper sulfate. This is because a sulfate ion in 

anhydrous copper sulfate must form six copper-sulfate bonds altogether, while that 
in the anhydrous double sulfiRe must form only three, if  a Cu :+ ion in it is six- 
coordinate as well. And, since there are two sulfate ions for a copper ion in the 
double salt, they may arrange themselves around the copper ions in a more favorable 
way (possibly forming a more tetragonal structure) than in anhydrous copper 
sulfate, raising the ~ms. still more. These axe probably the reasons why the ~,~,. 
value of  the anhydrous double salt is higher than that  of  anhydrous copper sulfate". 

• T i~  following bond lengths in Na.-Cu(SO4h - 2H.-O, of  which lira stru~ur¢ has bccn made clear by 
the X-ray analysis s,/ndicate that such an i r a : r e~  in tetragonality also ~x:~'urs in the cours¢ of  the 
hexahydrate---~ dihydrate change (the bond lengths in KaCu(SO4~. - 21-IzO still sccm to be unknown, 
but the X-ray diffra~ograms of  both the dihydrates are similar, suggesting that they are isomorphous). 

o 

O 
N a . - C ~ S O ~  - 23[-i.-,~ 
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Fig. 3. R_-,flet.~ta.,~ spectra ¢d'. pot:c~ium copper sulfates. 

All these effects may explain why the ~.. . ,  o f  the double  salt increases with 
dehydration, in contra.~t to the ~ of  the hydrated copper sulfate where the spectxal 
shift occurs in the oplx~site way. 

The anhydrous double salt thus obtained was blue and of poor crystallinity, 
but it is interesting to note that, ,as w-as pointed out by Pickering 9, it changes into a 
white crystalline modification at 190-200°C, although the complete conversion was 
achieved only when it was kept above 190~C for several h o u r .  The reflectance 
spectra of  the blue and white salts are shown in Fig. 3, together with that o f  the 
original hexahydrate. The d-d  band maximum of the white one 02500 c m - l ) ,  and 
also its speclxal pattern, were very similar to those of the anhydrous CuSO4, indicating 
their structural r__,~,emblanc~. On the other hand, th¢ blue one shows a c h i ~ r i s t i c  

band of unknown origin* at 2.3800 cm-t, overlapping with the chaxge tra.mlrer band. 
As to the other double sails it. Fig. 2, the following results were fouhd: Na2Cu 

(SO4)z " 2 H 2 0  ( ~ z .  ---' 12900 c m - t )  loses one water at 115-149°C and one more at 
149-205"C, and the blue anhydrous salt (~m,. - :  13000 c m - t )  .gives two endotherms 
at  499~C and 525"C (m.p.). Rb_,Cu(SO~)2 6H_,O (P~, .  = 12800 cm - t )  loses 
4 H 2 0  at 56-73°C to form the dihydratc (~, , , .  --= 13000 cm - t )  and then loses 2 H , O  
at ! 17-166"C. The blue anhydrous .~alt ( ~ , .  = 13000 em - t )  changes gradually to 

t 

It ~-,~ suspected that this may be due to the ex~t¢=~ of dim¢~ units (such as th¢~ in copOet('lI) 
• ~:etate), but ma£,~k: su~eptibilit'y rr~-_curements could not prove this. 
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deep green on further heating and melts at 475°C. CszCu(SO-)2 - 6 H 2 0  (Pmx. = 
12700 cm - t )  loses most o f i t s  water molecules at  46-82cC and the rest (0.7 H , O )  at  
i!6--230°C to form yellowish green anhydrous salt (~. . , .  = 12800 c m - ' )  which 
shows two endotherms at  413°C and 499°C (m.p.). These double salts differs from 
the potassium salt in two points, i.e., they arc quite well crystalline even just  after 
dehydration, and they are colored in blue or green over all the temperature range 
studied. 

For all the double salts, it can be seen that: (i) the double salts are dehydrated 
more easily than CuS04 - 5HzO*; and (ii) P~, .  of ' the d-~ bands tends to increase on 
dehydration, possibly owing to the destruction of  the [Cu(OHz)6]  z÷ unit and 
formation of  the more tetragonal structures with S04 z- ions of  enhanced coordination 
ability. Infrared measurements give an addi t ion~ support to this assumption, 
because thc Y3 of  the anhydrous doublc salts arc split into a large number of  peaks 
distributed over a much wider frequency range than in the case of  the anhydrous 
copper sulfate, pointing to a very low symmetry o f  the SO~- ions and indicating that 
widely different sorts of  strong and weak bonds between Cu( l l )  and sulfate oxygens 
exist in the anhydrous double salts. The spectrum of NaaCu(SO4)2 is shown in Fig. 4, 
as an example, together with that of  CuSO4. 

It may be added that: (iii) the double salts melt far below the melting points of  
the constituent alkali metal sulfates; and (iv) except for the Rb salt which shows a 

14oo tzoo m" I i0~o 60o 

Fig. 4. Infrared spectra o f  Nae~a(SO4)~ and CuSO-  in S - O  stretching region. 

* This may be attributed, at least in part, to the enhaneed ceordination ability of SO4"-- in the 
double salts. 
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Fig. 5. R ~  spectra of  coba l t  c o p p e r  sulfates.  

continuou~ (and reversible) color change to green by heatinf, they .qhow a reversib!e 
thermochromism through the endothermal passage observed before melting, especially 

when the anhydrous salts are heated in vacuum capillaries. The white K2Cu(SO+)z 
in such a capillary changes reversibly into a green modification at 370°C, while the 
Na and Cs double salts change generally from greenish blue or yellowish green to 
deep green at 499 and 413':C, respectively. 

Double salts of copper sulfate with colored heavy-metal sulfates are also 
interesting objects for study. As an example of  them, the dark pink cobalt salt 
Co_,Cu(SO4)a - IgHzO ( ~ , .  ~ 13200 c m - l )  was studied. This salt loses 15HzO in 
the range 32-76cC, forming pink trihydrate (~m,. = 12100 cm- t ) ,  which is very 
stable against heating but loses 3HzO in the wide range 200-300°C to form violet 
anhydrous salt (~maz. -- I Ig00 cm'Z) .  The d-d bands due to Co z+ ions are also 
obs~.-rved in the spectra ofthese salts, and the general spectral patterns shown in Fig. 5 
can b¢ considered, approximately, to be the supcrpositions of  the spectra of  their 
constituent salts (CoSO+ - 6HzO ÷ CuSO.t - 5H:O,  CoSO+ - H 2 0  _ CuSO+ - H:O,  
and CoSO4 -.'- CuSO~), although the d id  band maxima of  the Cu z+ ions in the 
trihydrate and anhydrous salt appear at the lower frequency side, compared with 
thos~ of  the corresponding copper sulfates. This may 0¢ taken as an indication that 
the apparent I.f.s. of  SO~- ions around a Cu z ÷ ion is weakened, and/or  their tetra- 
gonality is lowered, when they are shared with Co z÷ ions. 

The present work thus shows that the thermal properties of  double salts, and 
the spectral changes accompanying them, can sometimes be quite different from those 
of  the constituent sails. It is expected lhat further investigations on other types of  
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double salts will bring about interesting new information in this field of  inorganic 
thermochemistry. 
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