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A. INTRODUCTION 

Accurate measurements of the diffuse reflectance spectra of materials were 
first made in the 1920’s. Since that time, there has been considerable advance- 
ment in the instrumentation and the theory of diffuse reflectance spectra-- 
scopy. With these advances, there has been a broadening of the uses of the 
technique in a number of fields. Since most transition metal coordination 
compounds have unique visible and ultraviolet spectra, diffuse reflectance 
spectroscopy has proven an especially useful technique in the study of their 
solid-state chemical properties. 

T\‘Cfl..-- ..-J?-_L ___.^ ---iJ.--_-_^-__ L-e I-,,_ .__^ 3 _L,,..z,-* c, .4...J-. EA.._ Uimuse rerleaaribe spectroscopy f1a3 uw211 u3eu p,rlumwy bu ammq wuk 
areas of the chemistry of solid transition metal coordination compounds. 
These are spectral properties, solid-state thermal reactions, soEd-state photo- 
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chemical reactions, and analytical applications. The use of diffuse reflectance 
spectroscopy to determine the spectral properties of solid transition metal 
coordination compounds is especially useful since many of the compounds 
are most conveniently obtained in the powdered form. Reflectance spectro- 
scopy is also one of the most important tools available for studying solid-state 
thermal and photochemical reactions of coloured powders. 

The purpose of this review is to summarize the work that has been done 
in the application of diffuse reflectance spectroscopy to the four previously 
mentioned areas of the chemistry of transition metal coordination compounds. 
Since the experimental techniques and the theories of diffuse reflectance 
spectroscopy have been reviewed in detaillm3, these areas are only briefly 
summarized here. 

B . EXPERIMENTAL METHODS 

Probably the first instrument designed for reflectance studies was that 
described by Nutting4*5 in 1912. Since that time, a large number of reflec- 
tance instruments have been described’*2. Today, highly sophisticated re- 
cording diffuse reflectance spectrometers which will cover any spectral range 
from the near-infrared to the ultraviolet are commercially available. 

The only basic components necessary for a reflectance spectrometer are 
(i) a light source and means of obtaining monochromatic radiation, (ii) an 
integrating sphere, and (iii) a detection and recording system. The integrating 
sphere, the theory of which has been described’, was introduced into the 
field of spectrophotometry’ in 1900. It generally consists of a spherical 
enclosure, the interior surface of which is coated with a substance such as, 
for example, magnesium oxide, which diffusely reflects almost 100% of in- 
cident radiation. The reflectance of a sample is usually obtained in relation 
to a reference material which reflects almost 100% of incident radiation. Such 
reference materials are magnesium carbonate, magnesium oxide, and other 
white powders. 

to allow the reflectance of materials to be obtained at elevated tempera- 
tures’-’ l. Two types of high-temperature reflectance spectroscopy methods 
have been distinguished; these are a static-temperature method by which the 
spectrum of a sample can be obtained at a fixed elevated temperature, and a 
dynamic-temperature method (DRS) by which the change in the reflectance 
of a sample at a fixed wavelength can be observed as the temperature is 
linearly increased. The dynamic reflectance technique is especially important 
in detecting and following the progress of solid-state thermal reactions. High- 
temperature reflectance sample holders have been described for which tile 
sample atmosphere can be controlled12~‘3 and a combined high-temperature 
reflectance-gas evolution detection technique has been reported14. 
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C. THEORETICAL CONSIDERATIONS 

(i) Reflectance theories 

There have been four major approaches to the theory of reflectance 
spectroscopyx-3. The approaches are (i) the integral equation method, (ii} 
the differential equation method, (iii) the statistical parallel plate method, 
and (iv) the statistical single particle method. These methods differ mainly 
in the model used to represent a powdered sample. 

The integral equation method was first introduced by Schuster” and was 
further developed by Jackson’6 and King”. The method consists of a very 
general formulation of the scatterine of light through a diffusing medium_ ~__ _. ___~~~~~~~~~ ___ ----m-m-z 
which is a special case of the fundamental formulation of radiative transfer_ 
Although a few authors have applied the equations obtained by the integral 
equation method’87’g the method has met with very iittle success because 
of the complicated equations obtained and the simplifying assumptions 
necessary for their use. 

The differential equation method.is by far the most commonly used 
approach to the theory of reflectance spectroscopy. Although a large number 
of authors have derived equations using the methr d’, the general theory is 
,..,A-11,. ,,CA-,A C^ _^ CL_-. rT..l.-ll_^_~d....‘tr et..__-.20 T... J.L-^ Ctr^^-r ,. _____ 
gtmeauly L~L~~LLVU tu aa cut: ~uu~~ni;L_Iv1uIIn.-~vaum smtzury . 111 bitt: SmtxAy, %.a puw- 
dered sample is treated as a continuous medium and two arbitrary constants 
are introduced to account for the absorption and the scattering of radiation 
by the medium. The two differential equations obtained to describe the change 
in the radiation intensity in a sample with respect to depth, x, into the sample 
are 

cU/dx=-((k+-s)l+sJ 

and 

(1) 

dJ/dx = (Ft f s) J- s1 (2) 

where I is the radiation intensity in the downward direction, J the radiation 
intensity in the upward direction, and k and s are the arbitrary constants 
absorption coefficient and scattering coefficient, respectively. These constants 
are not related to the fundamental optical parameters i.? the Kubelka-Munk 
theory although k is sometimes equated with the true absorption coefficient 
as defined through the beer-Lambert law. Solutions to eqs. (1) and (2) for a 
large number of boundary conditions have been obtained and tabulated by 
Kubelka*‘. The solution mainly of interest is that for an infinitely thick pow- 
dered sample, which is applicable to most samples encountered in practice. 
For this case, the reflectance, R, is given by 

R = 1 - (k/(k + 2s)); 
1 + (k/(k + 2s))T 

(3) 
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which may be rearranged to give the widely used remission function, f&l, 

f(R) = k/s = (I- R)2/2R (4) 

Hence, if k is identified with the true absorption coefficient, then f(R) is 
nmnnrtinnal tn it.** levy..“““““- “V .” . 

In the statistical parallel plate approach to the theory of reflectance spectro- 
scopy, a powdered sample is considered to be a collection of pa.ralIel plates 
with a thickness equal to the average particle diameter. This model has been 
employed by a number of authors 1*23-26_ Although the equations obtained 
using the statistical parallel plate approach are cumbersome, they are appar- 
ently applicable although they are not nearly so widely used as the Kubelka- 
Munk equations. 

Probably the most satisfactory approach to the theory of reflectance 
spectroscopy is the statistical single particle theory. In this theory, a pow- 
dered sample is considered to be a collection of uniformly sized rough-sur- 
fapd cnhm-icnl nntiinlnn~ The theory is hs& 11pn t.wg fi_md_ame&d qua- _...vv,.. .s~..““_.... ~_“...“....B’ 

Cons (the BeerLambert equation and the Fresnel equation) and the phenom- 
enological, but widely accepted, Lambert cosine law. The equations obtained 
by Melamed2’ for the reflectance of a powdered sample based on the particle 
model are apparently successful in relating the reflectance to two fundamental 
optical parameters, namely the absorption coefficient and the relative index 
of refraction, and the average particle diameter. The equations are, however, 
cumbersome and require lengthy calculations or the use of a computer for 
the calculation of reflectance values. Using the same model, an extremely 
simpie approximate equation for tine refiectance of a wea’kly a’bsorbing pow- 
dered sample was obta.ined2’_ This equation is 

R = exp (- 2q(kd/3)$) (5) 

where TJ is the relative index of refraction, k the true absorption coefficient, 
and d the average particle diameter. Although several assumptions and ap- 
proximations were made in the derivation of eqn. (5), it appears to be in agree- 
ment with experiment for the reflectance vafues of powdered didymium 
@ass28 ~nrl hQc rrxhrrmrrnnt1x.r haan annliorl to nther rcsflcsrtanre nrnhlwnn 29,30 

U&.x4 .a- “u”uryurl*“rJ “b-I& uyy*a-u vv*_u.. L_a.*__“.a _*-- r’---- *__- . 

(ii) Spectra 

The two most important types of absorption bands of transition metal 
coordination compounds in the visible and ultraviolet spectral regions are 
those due to charge transfer between the metal ion and ligands and those due 
to d-d (or f-n transitions. Reflectance spectroscopy is especially important 
in identifying absorption bands since the spectra of some compounds differ 

?-_I. __~ _I2 _--31 rnL ___C__^ in tine solid state arid in soiui;ion ‘hecause of sohK%~t umerack2ons- - _ I nerezuft: 
any reaction of the solvent with a solute can usually be detected by comparing 
the diffuse reflectance spectrum of the pure solid with the spectrum of the 
solid dissolved in the solvent. 
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From the positions of absorption bands arising from d--d transitions, the 
ligand field splitting parameter, Dq, and the Racah parameter, B, can be cal- 
culated3z*33. From these values, the value of the nephelauxetic ratio, p = B 
~cornp~ex)/~~~ee ion), can be calculated. The parameter p is of considerable 
interest in the chemistry of coordination compounds because it gives informa- 
tion concerning the degree of covalency in a metal-ligand bond. According 
to J&gensen34, for the spectrochemical series 

Dq = f(ligands) - g(ion) (6) 

and for the nephelauxetic series, 

1 - fi = htligands) - k (ion) (71 

where f and h depend only upon the ligands and g and k depend only on the 
central metal ion. 

Absorption coefficients values for absorption bands can be calculated from 
reflectance values by the use of equations obtained by the Kubelka-Munk 
theory’*’ or by the particle model theory 35. From absorption coefficients 
obtained at different wavelengths, the integrated absorption coefficient can 
be determined. 

(iii) Ph~~~che~ic~~ reaction rates 

tent of photochemical reactions of powdered coordination compounds36. 
Qualitatively, the technique may be used to identify photoproducts. Also, 
for more quantitative apphcations, the technique may be used to determine 
quantum yield values by obtaining the refle&mce spectrum of a sample 
undergoing a photochemical reaction at various reaction times36. 

Spencer and Schmidt3’ derived an equation describing the rate of the 
photochemical reaction of an opaque powdered layer by assuming that a 
definite boundary exists between the photoproduct layer and the reactant. 

-t-L- I,. _ ..___L___ __L_ L_ LL_ ____I_ __m__ TZle equations obtained do not relate cne reilctIon rate LO one sanryre reilec- 
tance but reflectance measurements were used to determine the amount of 
radiation absorbed by the sample. . 

An equation has been derived which describes the rate of the photochemical 
reaction of a thin, weakly absorbing powdered layer in terms of the reflec- 
tance and transmittance of the layer38. The equations used are 

dCAfdt = - #Ior,C, iS1 

and 

l-!I’-R=a,C,+cv&, (9) 

where R is the layer reflectance, 2” the layer transmittance, C the concentra- 
tion in mole.cm-* , CY the phenomenological absorption coefficient, and A 

and P refer to the reactant and the product respectively. The assumption- 
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was made that the layer is sufficiently thin for the radiation intensity to be 
considered as uniform throughout the sample. Equations (8) and (9) can be 
combined to give 

d In (TP+RP--R-T)/dt = - (I-TA--RA) @I/C;, (10) 

where C, is the initial reactant concentration. Equation (10) can therefore 
be used to determine the value of the quantum yield from the sIope of a 
plot of In (T,+R, -R--T) vs. t. The phenomenological absorption coefficient, 
OL, has been reIated to the fundamental’optical parameters by the use of the 
rough-surfaced spherical particfe model and is given by3’ 

01 =qZe (11) 

where E is the absorption coefficient defined through Beer’s law and 11 the 
inda-2 nf rnfrsrtinn IIauIP VL II.“_OY”.VII. 

An equation describing the rate of the photochemical reaction of a bulk 
powdered sample has also been derived on the basis of the rough-surfaced 
spherical particle model and, for weakly absorbing powders with transparent 
photoproducts, is40 

d f (R)/dt = #eq210 

where IO is the radiation intensity at the sample surface and 

(12) 

_.-. - I._ -2. f(R) =K/(l +K ) + tari.R (i3j 

Equations (12) and (13) can be used to determine (0 from reflectance measure- 
ments of a po*.vder during photochemical reaction. 

D. SPECTRAL PROPERTIES 

(i) A bsorp tion bands 

A huge number of studies of the diffuse reflectance spectra of transition 
metal coordination compounds have been made in terms of the Iigand field 
t+-,~n,..+,32,3Srtl~ i- _ _ _ _ J OS8 qnrne ~wnmnbs nf khcxn nx~m~rm~ sixdins sre hrieffv . kd-r.*+-r -“-“y.“-y we ____-_ __-___..._ 1 -I -__-___ _- - ------J 

discussed hexe. 
The diffuse reflectance of a number of transition metal halides with 

electronic configurations, do -d6, have been obta.ined32 and were analyzed 
by first-order perturbation theory. For VCfz , the values of Dq = 900 cm- ’ 
&d B = 606 cm-’ were obtained. A value of p = 0.8 was calculated. Com- 
paring this vaiue with that for V(Hz 0)6 2+ obtained from solution spectra 
illustrates that the ligand field strength of Cl- is about 73% of that of waIxx32 
and that the degree of covalency of the metal-chlorine bond is greater than 
L1-_L _~1~-- -_A-1 ma& 01 tne mew-oxygen bond. 

The observation that the diffuse reflectance spectrum of CrCl~ is almost 
identical to the solution spectrum of CrCl63- indicates that the ligand field 
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strength of a terminal chlorine ion must be similar to that of a bridging 
chlorine ion3*. Also, the values of Dq for various halide ions parallel those 
for water for a number of electronic configurations3*. 

The reflectance spectra of a number of Crs+ compounds have been analyzed 
and the ligand field parameters calculated 5s*s6_ Prom these values, the expres- 
_.I___ r\_ - -“*A J! ---___1 ~.. * * ~_ A-a0 amnsuq = I t4v 1 cm *ecI . . ----I _..- .*_L_.._-~__3 anafs= ylb-~~an cm were aetermmea . 

The reflectance spectra of two forms of manganese(II)sulphide have been 
stud.iedsg. The octahedrally coordinated form is green and the tetrahedrally 
coordinated form is red. Perturbation calculations give the ratio of the ligand 
field parameters as .L)q/Dq, = -419. This indicates that Mn’* exhibits a greater 
energy difference for the splitting terms 4A, ‘E, 4T1 and “Tz derived from the 
4G term of the free Mn*’ ion for the octahedral structure than for the tetra- 
hedral form. 

One of the problems encountered in obtaining absorption band positions 
from diffuse reflectance spectra is that often the resolution is low. This 
problem has been overcome in a number of studies by obtaining the reflec- 
tance spectra at very low temperatures. Decreasing tlne temperature increases 
the spectral resolution considerably32*4s*46 953. 

(ii) Effech of dilution and particle size 

Two other methods are often used for increasing the resolution of diffuse 
reflectance spectra; these are to decrease the particle size or to dilute a 
strongly absorbing material with a non-absorbing diluent. It has been found”, 
for example, that decreasing the particle size of powdered K3 (Fe( CN)6 ) 
dramatically increased the resolution of the spectral peaks. It was suggested 
that the very low resolution for large particle samples was due to a large 
component of surface (specular) reflection and to strong damping of elec- 
tronic vibrations assumed by the dispersion theory. Spectra of samples with 
extremely small particle sizes (less than one pm) were, however, more poorly 
resolved than those for samples with particle sizes of 1 to 2 pm. This was 
thought to be due to effects caused by the particle sizes being comparable 
to the wavelength of light?“. 

It has been found that for samples consisting of a 0.17 mole% potassium 
permanganate in potassium perchlorate (a solid solution), as the particle 
size was decreased the reflectance increased45. This was thought to be due 
to a decrease in the depth of penetration into the sample by the light for 
decreasing particle size. These results were compared with those for pure 
potassium permanganate and some remarkable differences were observed. 
The apparent absorbances of pure potassium permanganate samples were 
not much greater than those for the solid solutions despite the 500-fold 
difference in concentration. This indicates that the depth of penetration of 
,:-,_A. :-A.- IL_ _,,:-1 ..-,.. c:-, ,,,..,~ :,. _..fiL -.3..+0r +I..-- F-r -.,*0 v.~+~lX.;..~ ugnc inw cne SUIIU 3wuuu1~ 3ilu.qwz IJ kuu~u w=aw=:r L~~LU& AVI p-r; p~vtia~~bu~at 
permanganate samples. Also, for pure potassium permanganate samples, there 
was a decrease in reflectance with a decrease in particle size. 
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E. SOLID-STATE THERMAL REACTIONS 

(i) Ammines 

The thermal decomposit!on of a large number of transition metal ammine 
compoun& ‘nm ‘oeen &\i&el “Dy t”oe tei-;iiniques of ?@h iempe&-ue reflec_ 

tance spectroscopy and dynamic reflectance spectroscopy. Among these 
are (Co(NH&H,O)XJ (X = CI,Br) (refs. 8,14), Cu(en)(H20)2 SO4 (ref. 9), 
~Co(N~~)~~~~O)~)Br~ (ref. 61), Co(py),CL (refs. 62, 63), Ni(pyjJ& (ref. 11), 
(Co(NH&)CIJ (ref. 64), (Co(NH,js)Br, (ref. 65), and (Cr(en)J)X3 (X = a large 
number of anions) (ref. 66). By the use of the refiectance techniques, the reac- 
tion products were identified and the reaction temperatures were determined. 

The reactions of all of the aquo ammine compounds involved an initial re- 
action in which an outer-sphere anion replaced the water molecule(s) -k the 
inner coordination sphere. The reactions of the (Cr(en),)X, compounds in- 
volved the replacement of an en group by two outer-sphere anions. The com- 
pound, Co(pyj,Ci2, undergoes a transformation from an a form to a fi form, 
the former being a violet compound consisting of polymeric chains with the 
cobalt ion octahedrally coordinated and the latter a blue compound consist- 
ing of tetrahedrally coordinated cobalt ions. If the clr form is heated over 
llO”C, it is converted to the S form. Figure 1 illustrates a dynamic refIectance 
spectroscopy curve at 625 nm. As can be seen, the a: --f p transition began at 
over 100°C and was completed at about 135°C. The compound, Ni(py)&&, 
was found from high-temperature reflectance spectra to undergo the reactions 

xY:l--,\ m _. hT:6.T,.\ PI1 
L”‘\PY 14’J.L2 - L-+wJY fZUi2 

+ hT;Iw.-.\Pl 
l*‘tpY Jut2 

+ xf;Pl L”A”i2 (Uj 

The use of high-temperature reflectance spectroscopy allowed the identifi- 
cation of reaction intermediates in the solid-state thermal reactions of 

60- 

80- 
I I t , I I 50 .^A _c,. I”” (3” 

Temp., Of 

Fig. 1. The dynamic reflectance spectrum of Co(py)&l2 (ref. 62). Heating rate, 2°C/min. 
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I I I I I 1 1 . 
700 600 500 400 

h, mp 

60 

1 I 0 1 I t .I 
700 600 500 400 

A, my. 

Fig. 2. High-temperature;;flectance spectra of (Co(NH&)C13 and refiectance spectra of 
E;mediate compounds _ (---*--) CoCI? ; (- - - - ) (NE-L )2 (Co&); (- - -) 1 : 1 mix@+e 

2 - (N&)t(CoCf4); (-) decomposition products of (Co(NH3)s)Clx at 225 C. 

Fig. 3. High-temperature reflectance spectra of K~(CO(C~O~)~). 3H20 and the reflectance 
spectrum of &(Co(C~04)2)~‘_ 

(Co(NH~~~}~l~ (ref. 59) and (~o(NH3)~~Br~ (ref. 60). The reactions were 
found to proceed by the equations 

6 (Co(NH&)X3 -+ 3 CoXz + 3 (NH4)z (CoXa) + NT + 28 NH3 (18) 

where X = Cl, Br, followed at higher temperatures by 

3 (NH& (CoX4) 4 6 NHqX + 3 CoXz (16) 

Figure 2 illustrates how the intermediates, (NH4)? (CoX,) + CoC12, were 
identified from the high-temperature reflectance spectra. 

(ii) Oxafa tes 

High-temperature reflectance spectroscopy has been used to determine 
the stoichiometries of the solid-state thermal oxidation-reduction reactions 
of K3(Co(C204)3). 3H20 (ref. 67) and K3(Mn(C204)3). 3HzO (ref. 68). Figure 
3 illustrates the high-temperature reflectance spectra of the cobalt compound 
along with the spectrum of Kz (Co(C,O,),), which was identified as a reactant. 
Figure 4 illustrates similar curves for K3(Mn(C204)3). 3Hz0. From the refleo 
tance data along with chemical analytical data, the reaction stoichiometies 



E.L. SIMMONS 

L 40- 

‘; 
$50- 

fil 
“60- 

70- 

,~____i 
400 500 600 700 

Wavelength, rnjA 

Fig. 4. High-temperature reflectance spectra of &(Mn(C203)3 ).3Hz0. (- - -) 25OC, 
(. _ - * ) 75Oc, (- ) loo°C* 

2 K3(WG04)3)- 3H70 -+ 2 Kz(Co(CzO&) + KHCOj + KHCsO,, + CO, f 5 Hz0 
(17) 

and 

2 K3 (Mn(C204)3). 31-Iz0 --+ 2 KZ(Mn(C20&) + K2C204 + 2 COz -t- 6 El20 (18) 

were found. 

(iii) Halides and hydrates 

Solid-state thermal reactions of several halide and hydrate transition metal 
coordination compounds have been studied by the use of high-temperature 
and dynamic reflectance spectroscopy. Among these are CoBrz .6H20 (ref. 91, 
CoCl, . 6Hz0 (ref. 69), Cu SOS. 5H20 (ref. 16), and the series of compounds 
which undergo thermocbromic transformations (ref. ‘IO), Cu,(HgI,), Ag,(H&) 
Tl(Hg&), Pb(HgI,), and Hg(Hg1,). The high-temperature and dynamic reflec- 
tance techniques proved especiahy useful for studying the thermochromic 
behaviour of the latter compounds since they undergo dramatic colour 
changes at elevated temperatures. The reactions appear to be reversible if 
the compounds are cooled and allowed to stand at room temperature. 

The cobalt halide hydrates undergo thermal dehydration reaction at ele- 
vated temperatures which involve a number of intermediates. For Co(H20)&1~, 
the reaction scheme69 



DIFFUSE REFLECTANCE SPECTROSCOPY 191 

30% COESr2* 6H$ in Al203 

750 650 550 450 
A, mp 

Fig. 5. Reflectance spectra of the intermediates found 
CoBr.GHzO (ref. 9). 

during the deaquation of 

Co&. 6&O (octaheciraij -3 L’oZ.iz- (tetrahedral j + 

CoC12 .2Hz0 (octahedral) -+ CoCI? (tetrahedral) (19) 

was determined. The reffectance spectra in Figure 5 illustrate the formation 
and dissociation of a number of intermediates formed during the thermal 
deaquation of CoBr, .6H,O (ref. 9). 

F. SOLID-STAm PHOTOCHEMICAL REACTIONS 

fi) Oxalates and mafonates 

The solid-state photochemical reactions of the compounds, 
K3(M(C,0&). 3Hz0 (M = Mn, Fe, Co) have been thoroughly investigated 
by the use of the technique of diffuse reflectance spectroscopy3*40~67@8. 
By the use of this and other techniques, the reaction stoichiometries of 
the reactions have been found to be67*68p71 

2 K3 WUGO&). 3&O -% 2 K, (M(CzO&) + K&a + 2 CO* + 6 Ii,0 (20) 

” 2 K3 (Fe(C&O,),) .3H,O ---+ 2 Fe&O4 C 3 K&O4 + 2 COz + 6 H,O (21) 

The rate of the photochemical reactions of the compounds increased in the 
order Fe < Co < Mn, which is the same as the order of decreasing tempera- 
ture of the thermal reactions of the compounds. Figure 6 i.lh&rates the re- 
fIectance spectra of the cobalt compound after various lengths C-T time of 
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- 0 min 
____ 15 
-__.- 45 

-.i I30 

I 8 I I i I 1 I 
700 600 500 400 

A, mp 

t I I I , I 1 

700 6dO 500 400 
A, “P 

Fig. 6. Reflectance spectrum of K,~(Co(C204)3).3&0 after various Iengths of time of 
exposure to ultraviolet radiation _ 

Fig. 7. Reflectance spectrum of &(Fe(Ca04)3).3H20 after various lengths of time of 
exposure to ultraviolet radiation”: 

exposure to ultraviolet radiation. Figure 7 illustrates the corresponding 
spectra for the iron compound. From each spectrum, some of the reaction 
products were identified. 

The quantum yields for the solid-state reactions of the iron, cobalt, and 
manganese oxalate compounds have been measured by the use of reflectance 
measurements of thin powdered layers during photochemical reactions. The 
values obtained were: K3(Fe(C204)3). 3H20, 6 = O.Q7-0.20 mole/einstein 
tIpI 9~1. v trhif- r\ 1 I t)u n A _ n -t -n t: -~la~a:mr*o;~ frd (ICI\- arr4 \r=*. 0 ‘ 1, L%~~““~“~V~~~J .“rl2v, y - “.I V.” ~lr”r~~ CZIIIUL-=zLII \r=r. ” I I, -1- 

K,fMn(C,O,),). 3H20, 4 = 0.4-0.6 moleleinstein (ref. 38). These values were 
obtained over a range of radiation wavelengths for the first two compounds 
and at 350 nm and 400 nm for the-latter compound. 

The solid-state photochemical reactions of the complexes, 
M(Mn(mal),~H,O),).2H,O, M(Mn(mal),(H,O),) and M(Mn(mal)z) (M = NH4, 
Na, K) have been investigated by the use of reflectance spectroscopy’*. The 
reaction scheme observed was 

M@W-M&Wd --f% MtMn(maW (23) 

2 M(Mn(m~)*j ” -Mmal+2Mnmal+HzO+3C0 (241 



2 ~~~~*u~ + 2 0, -----+ 2 MrL!Qj + CHjCQQEi + 2 CO2 6351 

Same manganese/II) acetate was found in the pbotoiysis product, whfch was 
thought to be due tu the reaction between MnCO, and acetic acid, 

The reaction st~ichi~me~ies of the phat~che~~~ li d snbstitut~~n 
reactions of the solid complexes, (Cr(en),)X, (X = Cl, Br, SCN) have been 
detested w&h the heip of re~e~t~ce s~ec~~s~~py~~ and were found to 
follow the equations 

KX=-G3~ WW3 - ” trans-(~~en!zCSCN)2)SCN (27) 

The curresponding iodine compound did not undergo a phut~~hemi~~ ligand 
s~bstitntion reaction. The order of the sn~~ept~b~ty toward reaction wits 
found to be SCN Z+ Ci > BE In the case of the SCN compound, steric hin- 
drance was thought to prevent the f~~rnat~~~ of the &-complex. 

On the ultraviolet irradiation of the solid complexes ~C~~N~~~~~~~~X* 
{X = Cl, Br, NQ,), colour changes occur which, by the use of re~e~~~e 
spe~tr~sc~py~ were found tu he due to the following is~me~zati~n reactionsT4. 

~~~~NH~)~N~~~X* - ‘” ~C~~NH~~~~N~)X~ (X = Cl, Br, NOs) (281 

When the nitrite isomer is heated it undergoes the reverse red%m to form 
the n%ra isomer7”. The compounds ~C~~N~~~~~N~*~~~, cis-(co(Nn,),(No,),)- 
NC&, and cis- and frans-(C~(en)t(NU2)2)Na3 were found to undergo no photo- 
chemical ~~rne~~ation reactions74. 

Diffuse reflectance te~h~iqnes have been reported by which ~~ncen~tio~~ 
af some transition metals in certain substances can be measured or their 
presence determined. A methad has been described by which the concentra- 
tions of small amounts of copper as well as mercury and lead can be deter- 
miued by precipitating the metals as their sulpbides along with excess zinc 
and measuring the reflectance of the mixture~~~. In another study76, a method 
has been develaped by xvhich O.Ol-pg quantities of nickel and manganese can 
be detected by the use of diffuse reflectance spectroscopy. The metal ions 
were concentrated by the use of cation-exchange paper and then the reflec- 
tance of the paper, which was treated with various reagents, was obtained. 

A reflectance method for the dete~nat~~u of micragram. qu~tit~~ of 
copper, iron, and nickel has been reported”. The method involves ub~~~g 
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the reflectance of the metal sulphides on filter paper. Plots of concentration 
vs. reflectance were linear curves provided great care was taken to maintain 
standard conditions. Reasons have been pointed out, however, for doubttig 
the utility of this reflectance method of analysis78*‘g; it is very difficult to 
obtain a homogeneous distribution of material on paper frbre. 

1..-- _I2 ~___ _-/TT\ _mm1_,_ ____, :_.__,lT\ in another study’“, reflectance vames 01 copper oxiae ana ~rorqlr~ 

oxide in barium sulphate powdered mixtures were obtained_ It was found 
that plots of log (R-I&), where R is the reflectance of the mixture and R, 
the reflectance of the pure metal oxide, vs. the inverse of the concentrations 
of the oxides were linear for both metals. Hence, the method was applicable 
for analyses of the metal oxides. 

A comprehensive investigation of the use of reflectance spectroscopy in 
the analyses of coloured substances on filter paper has been made”. Calibra- 
tion curves for copper and iron were prepared and straight-line plots were 
obtained in the low concentration range (12-100 g/i). 

I-I. DISCUSSION 

It is clear that the applications of diffuse reflectance spectroscopy in the 
study of the chemistry of transition metal coordination compounds have in- 
creased rapidly, especially in recent years. This increase is undoubtedly 
mainly due to instrumental developments for the technique. The main draw- 
back at present in the field of reflectance spectroscopy is that many of the 
applications of the technique are necessarily of a qualitative nature. Because 
of the extremely complicated nature of the interaction of light with a pow- 
dered sample, the development of the theory of diffuse reflectance spectro- 
scopy has lagged behind the development of its applications. What is needed 
for the applications of diffuse reflectance spectroscopy to become more 
quantitative is the development of a rigorously proven theory which will 
allow the diffuse reflectance to be related to the fundamental optical param- 
eters. Such a theory would allow the calculation of reliable absorption co- 
efficient and integrated band intensity values from reflectance measurements. 

In conclusion, the technique of diffuse reflectance spectroscopy is especially 
imnndant. tn the ct.xliIv nf t.mncit.irm mot21 cnmnnrynds hpralln@ the r.hemiqtrv ‘sYyv..-L” I., “___ “-_...J .,,* ” ___-* “*___ * .*_- _-_rrv- ____ _______ -I___ -__-_-~*~ 

of the solid state is not nearly as well understood for the compounds as their 
aqueous solution chemistry, and reflectance techniques are among the most 
important of the methods available for studying solid-state chemical reactions. 
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