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ABSTRACT 

Ligand Exchange Photochemistry of Zodopentaamminerhodium(IZI) in 

a Sodium/Hydrogen Y Type Zeolite (May 1981) 

Michael Joseph Camera, B. S. , Pordhsm University 

Chairman of Advisory Committee; Dz. Jack H. Lunsford 

The photoaquarion of iodopentaamminezhodium(ZIZ) supported in a 

hydrated Y-type zeolite was obsezved and the quantum efficiency of 

this reaction has been determined to be 0. 26x0. 06 ar. 435 nm. Paztial 

dehydration of the zeolite resulted in a lower value for the quantum 

yield of 0. 20+0. 07. The ammonia produced by this reaction was traoped 

within the zeolite as ammonium ious and semi-quantitatively analyzed 

by infrared spectroscopy. 

The rate was observed to fall off afrez v50 min due to the 

depletion of reactant. and/or the attenuation of the light due to 

absorption by the product and scattering by the support. Determina- 

tion of light scattered by the solid support represented the largest 

single source of error. Several theories are reviewed and applied to 

account for the scattering. These include the theory of exponential 

attenuation of incident radiation, the Kubelka-Honk theory, and a 

particle model theory. Approximations had to be made in every case in 

order to apply the resulting complex equations to the experimentally 

observable oazameters. 



Reflectance spectroscopy provided an essentially independent way 

to determine the quantum yield; the change in the reflectance was 

small enough for the rate to be adequately described by the Kubelka- 

Monk snd particle model theories. 
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INTRODUCTION 

Reports of chemical storage of solar (visible light) energy are 
1 becoming increasingly prevalent. The splitting of water into hydrogen 

2-5 and oxygen using photoactive catalysts, for example, offers the 

advantages of a plentiful raw material as well as a product with a high 

6 energy-to-mass ratio. The catalytic behavior of zeolites is well 

known, ' thus an inquiry into the likelihood of their use in photo- 7, 8 

catalytic systems is a natural extension of current research. In our 

laboratories initial investigations into the preparation and charac- 

terization of potentially photoactive (heterogeneous) catalysts have 

been undertaken. Underlying these investigations is the prospect that 

a catalyst able to chemically store (sun-) light energy may be devel- 

oped, to ease, if not eliminate, the current energy shortage problem. 

The first topic to be considered is the photo-behavior of the 

support, namely the Y-type zeolite. The photo-behavior of the support 

includes the extent to which it absorbs or scatters light, thus pre- 

venting photons from reaching the active site, as well as its effect 

on the relaxation and/or reaction of the chromophore contained in this 

relatively rigid system. Thus, in order to determine the effects that 

the zeolite may have upon a photochemical reaction, iodopentaammine- 

rhodium (III) perchlorate has been prepared and its subsequent photo- 

aquation has been studied in solution as well as in the zeolite. A 

This thesis follows the style and format of the Journal of 
~ph sical Chemistr 



comparison of the results obtained reflects the different influences 

exerted by the two media. 

The photochemistry of liquid solutions has been studied much more 

9 extensively than that of solids for several reasons. Light scattering 

by a solid is a problem which does not exist in solution. Furthermore, 

when the nature of the solid serves to limit diffusion of reactants 

and products, the relatively rapid buildup of product at, or very near 

the surface could limit further reaction in the bulk. This is true 

especially if product diffusion is limited and the products absorb 

significantly in the region of the exciting frequency. The latter is 

known as the internal filtering effect. Obviously, quantitative 

evaluation of photophysical and photochemical processes, in this case 

quantum yield, will require special mathematical treatments. 

When transition metal complexes are irradiated in the visible 

or ultraviolet region, three types of excitation are possible. At 

high energies charge transfer occurs which is the actual movement of 

an electron from the ligands to the central metal ion or vice versa. 

Also found at relatively high energies are internal ligand transitions 

which involve only excitation of the ligand molecular orbital system. 

This type of transition involves a change in electron density of the 

ligand system. At lower energies ligand field transitions occur; 

that is, excitation of the electrons in the d-orbitals of the metal. 

This causes a change in the electron density between the metal and 

the ligand and is primarily responsible for ligand exchange reactions. 

In the present study we are concerned with this last case. 



The choice of iodopentaamminerhodium (III) as a probe came as the 

result of a consideration of the properties of the Y-type zeolite and 

the desired wavelength of the exciting energy (i. e. , visible light). 
The sodium form of the Y-type zeolite is basic in character. Of the 

transition metals considered initially, ammine rather than aquo com- 

plexes were chosen in order to avoid the possibility of polymeric 

hydroxide formation. In the absence of these polymeric hydroxides the 

cationic complexes exchange into the zeolite readi. ly. 

References concerning the photochemical behavior of chromium (III) 
complexes in solution constitute a large fraction of the present tran- 

10, 10a sition metal photochemical literature. ' In the visible region, 

the photoaquation of Cr(NH3)&X (X = Cl , Br ) occurs ' with , 2+ 11, 12 

moderate quantum yields of ammonia, gNH & 0. 38. The quantum yield, 

of a zeaction can be defined as the ratio of the number of molecules 

reacted to the number of photons absorbed by the reactant. The molar 

extinction coefficient, s, in each of the above cases is less than 

50 M cm . The reciprocal of the molar extinction coefficient repre- 

sents the molar concentration necessary for 90%%d absorption of the in- 

cident light at a given wavelength as it travezses a 1 cm path-length. 

When other conditions are the same, larger values of d and s are de- 

sirable since they will insure larger amounts of product formation in 

a given amount of time. 

Ligand field (LF) excitation of Co(NH3)3X , (X = Cl , Br, I ) 
13, 14 

results in anion aquation; the quantum yield in these cases is less 

than 0. 01 ($aq) The molar extinction coefficients of these cobalt 



complexes in the spectral region of LF excitation are always less than 

or equal to 80 M cm 

For the complexes of the type Rh(NH3)5X +, (X = Cl , Br , I ) only 

15 the bromide and iodide complexes absorb in the visible region. The 

bromide complex, however, exhibits both a relatively small quantum 

16 yield for ammine aquation ()NH = 0. 17) and a very small molar ex- 
3 

tinction coefficient (t = 25 M cm ). For the iodide complex the 
17 quantum yield is large ()NH 0. 87), and the molar extinction coef- "H3 

ficient of the ligand field transition is also of a respectable magni- 
-1 -1 15 tude (s = 270 H cm ). 

This reaction when performed in dilute acid proceeds as follows: 

Rh(NH ) I + H 0 — + Rh(NH ) OH I + NH + 
3 5 3 3 4 2 

The trans- form of the complex is produced almost exclusively. The 

quantum yield for the most noticeable side product (Rh(NH3)4I2 ) is + 

less than 10 . The dilute acid in which this reaction is performed 

serves to trap the ammonia photoproduct as the ammonium ion. The 

trans iodoaquo product does not have an absorption maximum at the ex- 

citing frequency, but its broad d-d transition band does significantly 

overlap with that of the reactant. This results in a decrease in the 

apparent quantum yield as the concentration of product becomes signifi- 

cant. 



Theory 

A mole of photons is called an einstein (E). For a simple 

reaction: 

hv 

where C is the reactant and P is the product, the quantum yield can 

be defined as: 

moles of roduct formed 
moles of photons absorbed (3) 

The denominator represents light absorbed by the reactant. When the 

intensity of the light source, Io (in E cm ~ min l) is small; i. e. , 
when short periods of irradiation have a negligible effect on the 

concentration of reactant, then the reaction will be zero order. 

Assuming all the incident radiation is absorbed, the rate equation 

may be written as follows: 

pI 
dp 
dt (4) 

As the irradiation time goes from zero to time, t, the concentration of 

product will increase from zero to [P]. This is represented mathe- 

matically by: 

p 
f dP gin f dt 

Performing the required integration yields: 

P = plot 



A plot of moles of product formed versus time should yield a straight 

line. If the intensity of the source is known, then the quantum yield 

can be calculated. Conversely, values of P/t should be constant, thus 

as any time t: 

P 
Iot 

In reality only a fraction of the incident radiation (fabs) is ab- 

sorbed, thus eq 6 must be rewritten as follows: 

abs o (8) 

The method used to determine f b can result in more complicated abs 

equations since it also depends on light absorption by the photo- 

products at the exciting wavelength (and/or other reactants, if 
present) and the physical state of the photolyte. If the photolyte 

is a solid, then fabs depends on the nature of the material, i. e. , 
(a) whether it is a supported adsorbate or a pure solid, and (b) 

whether the solid surface is continuous or particulate in nature. 

Finally, in very precise analytical work, the extent to which the 

glass or other container absorbs or reflects the light, thus preventing 

18 it from reaching the photolyte, will also influence fabs. This last 

problem presents a relatively small correction and will not be dealt 

with further. 

The determination of quantum yields in solution is readily under- 

stood and methods can be found in standard textbooks on photo- 
18-20 chemistry. The derivation is relatively straightforward. 



The transmi. ssion of a solution, T, is defined as follows: 

T = — 10 I (9) 

where I is the intensity of the light emerging from the sample 180 

from the angle of incidence through a cell of thickness, R, containing 

a solution of concentration jc]. The molar extinction coefficient (e) 

is dependent on the chemical composition of the absorber as well as 

the illuminating frequency. The fraction of light absorbed is equal 

to that which is not transmitted, or: 

f 
b 1 (I I (10) 

Combining eq 9 and 10 yields: 

= 1-10 '['] abs 

If the incident intensity, I , is expressed in units of E ~ min . Liter 1 . -1 

then eq 8 and 11 can be combined to give: 

[P J = y lc (I-IO ) t (12) 

where [P] is the molar concentration of P and I represents the source c 

intensity in units of ED Liter min . If only one reactant absorbs 
-1 . -1 

radiation and if the concentration of reactant at any time, t, is much 

greater than the product, then any possible interferences by the 

product will be small and can be ignored. The quantum yield is obtained 

by rearrangement of eq 12 as shown: 

Ic(1-10 )t 
(13) 



It should be reemphasized that this is only strictly true for small 

conversion to product. 

The photochemistry of the solid state has been divided into two 

classes. The first deals with reactions of pure solids or homogeneous 

mixtures (e. g. , solid solutions); the second deals with reactions of 

species which are adsorbed on a support. The most common problems of 

solid state photochemistry, which include light scattering, reflection, 

and concentration gradients (due to reactant/product immobility), can 

become aggravated when the influence of diffusion is impoztant and the 

evaluation of the actual surface concentration is dependent on the 

21 nature and concentration of active surface states, These additional 

problems are primarily due to adsorption phenomena. 

Several attempts have been made to choose conditions which would 

minimize or eliminate some of the problems mentioned above. This al- 

lowed each system to be handled more easily. For example, in dealing 

with the photochemistry of molecules in the adsorbed state, certain 
22-24 authors used a porous vycor glass as the support to eliminate 

scattering. The glass was reported to have a good transmission down 

25 26 to 210 nm. Others have placed the adsorbant silica or alumina in 

a solvent of similar refractive index to minimize the scattering 

problem. Literature references for the latter case, however, are few 

in number when compared with the wealth of information concerning the 

photochemistry of pure solids. 

Much of the recent work on pure solids makes use of reflectance 

or a combination of reflectance and transmittance measurements of 



2 7-35 reactants (and products) . The strength or weakness of each method 

rests on the validity of the mathematical derivation of f 
b , the frac- abs' 

tion of light absorbed by the reactant. The reactant concentration 

must be taken into consideration if it is small since relatively small 

amounts of exposure could cause large changes in concentration. This 

27, 28, 36 is often the case with very thin films. ' ' Relatively rapid 

reactions (on the order of minutes) and highly reflective solids 

(where "local" rate equations must be employed) are other examples 

37, 38 where the reactant concentration is important. ' These last two 

have only been treated theoretically. 

A method has also been developed for determining the quantum yield 
39, 40 of a reaction at relatively large conversion. ' In nearly every 

case, simplifying assumptions are necessary in order to find solutions 

to the complex theoretical equations. 

At present, infrared spectroscopy has received little attention 

as a tool for the quantitative determination of reactants and/or 

41, 42 products leading to quantum yield determinations. ' The sensitivity 

of infrared is often sufficient to detect very small concentrations of 
43 product. 

As previously stated, solid state photochemistry has been divided 

into two divisions; one deals with pure solids while the other deals 

with adsorbed species. In the past an examination of either of these 

has always excluded the other. The following methods combine solid 

state photochemistry and photochemistry of supported complexes by 

linking the theory of the former with the experimental design of the 
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latter. One method gives an approximate solution, whereas, the others 

provide more rigorous treatments. 

Determination of Quantum Yield Usin Infrared S ectrosco 

Pseudo zero order a roximation. In the first of these methods 

an approximate quantum yield solution is obtained as follows. Assume 

that the wafer does not transmit visible light and that it is partially 

transparent to infrared. Further assume that only the reactant ab- 

sorbs in the region of excitation and that the diffuse reflectance of 

the sample is the same over its entire (apparent) surface. In this 

case, where no visible light is transmitted, the incident light must 

be absorbed or reflected. The fraction of the light initially absorbed 

by the reactant is given by: 

fabs = 1 — R 

where R is the measured reflectance of the sample. If the extent of 

reaction i. s small, slOX, then f b may be considered a constant and a s 

the rate equation is 

which can be integrated between the appropriate limits to give: 

[P] = y(1 — R)I 

The symbol Io used here signifies the light intensity in units of 

E. cm 2 min I, and [P] is the number of moles of product per square 
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centimeter; [P], can be determined by its infrared absorption (assuming 

calibration curves have been previously prepared). 

For small conversion with no internal filter effect, i. e. , no ab- 

sorption by species other than the reactant, the reflectance will be 

constant. If the light intensity, Io, and the factor P/t are both 

constant (the latter will be constant if the reaction is zero order), 

then the quantum yield can be easily calculated from eq 16. 

First order ap roximation. In a second and more rigorous treat- 

ment the rate of reaction of a thin layer of powder, originally 
36 described for a solid state (initially pure) system, can be easily 

applied to the present system. Consider a thin layer (one particle 

deep) of reactant C in the form of spherical particles having a rough 

surface which reacts to give product P: 

C + hv ~ P (17) 

The incident radiation (hv) is both monochromatic and perpendicular to 

the surface. In each particle there are N moles of C thus the rate of 

reaction may be described by: 

-A)lvd /4 
dN 2 
dt 

Here A is the fraction of light absorbed by the reactant and Iud /4 

is the number of Einsteins incident on the particle. The particle 

diameter is denoted by d. The concentration of C per unit area is 
given by: 

(19) 
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where m is the number of particles, each containing N moles, and Z is 
the surface area. Combining eq 18 and 19 yields the rate equation in 

terms of concentration: 

-mA)lsd2/4Z d (C) 
dt (2O) 

The fraction of light absorbed (A) depends on several factors. In a 

29 previous derivation two factors me and mi are defined as the fraction 

of light which is reflected externally off a particle and internally 

off the inner boundary of the particle. These two factors are related 

to the refractive index of the material in question. 

Of the light incident on a particle, (1 — me) enters the particle. 

It has been found that the light travels a distance of 2d/3 before 

again encountering the particle surface. During this time a fraction, 

(1 — a), of the light is absorbed by the particle and (1 — ac) is ab- 

sorbed by the reactant. The factors a and ac are defined for small 

conversion by the Lambert equation, as follows: 

a exp[kcN2d/3No kpNp2d/3No] (21) 

and 

ac exp(kcN2d/3Noj (22) 

The coefficients of absorption for reactant and product are kc and k 

respectively. The total number of males of c initially present is 
indicated by No. The moles of product P (Np) is given by 

N = N — N 
p 0 (23) 



At the end of one passage through the particle, the light reaches 

the inner surface. Part of this radiation, (mi), is reflected back 

into the particle. An infinite number of such passes then ensue. 

The total fraction of light absorbed then is the sum of the light ab- 

sorbed during each of these passes: 

A = (1 — me)I(1 ac) + mia(1 — ac) + mi2a2(1 — ac) + 

or 

A = (1 — me) (1 — ac) ( (mia)3 
j=o 

(25) 

This equation converges to give: 

(1 — m ) (1 — a )/(1 — m a) (26) 

Equations 21, 22 and 26 can be combined to yield: 

(1 — me)(I — exp( 2kcNd/3No)j 
A [I miexp( 2kcNd/3No 2kpNpd/3No)J 

(27) 

Equations 20 and 27 completely describe the system in question based on 

fundamental optical parameters. 

A few simplifying assumptions will make the use of these equations 

somewhat more tractable. The rough surfaced spherical particle model 

is only valid for weak absorbers. In the case of a weak absorber, the 

radiation intensity striking each particle is also constant. For 

weakly absorbing layers, a and ac are nearly unity. This will tend to 

simplify eq 27 since: 

1-ma=1 — m. I (28) 
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and 

1 - a = 1 — exp(-2kcNd/3No) (29) 

=- 2kcNd/3N (30) 

After noting this, eq 27 may be rewritten: 

A = 2k, Nd 3N ) 1 — me)/(1 — mi) (31) 

It has previously been found that: 29 

n2 = (1 — me)/(1 — mi (32) 

where n is the refractive index. Now eq 20, 31, and 32 can be combined 

to yield 

d[C]/dt = -ylvd3k n mN/6ZNo (33) 

Equation 19 can be substituted into eq 33 and as a result: 

d[C] /dt -4 I[0]vk d n /6N (34) 

The number of moles of pure reactant initially present (N ) is given by: 

N = pad/6M (3&) 

where p is the density of C, M is the molecular weight and vd /6 is 
the volume of a sphere of diameter d. With this, eq 34 becomes: 

d[c]/dt = -41[c]k n M/o (36) 
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The molar absorption coefficient for solids, c (in cm /mole), is defined 2 

by: 

c kcM/P (37) 

Finally, the rate equation may be obtained in experimetally applicable 

form by combining eq 36 and 37 to give: 

d[C]/dt = -den I[C] (38) 

An assumption included in the derivation of eq 38 is that the refrac- 

tive index 9 does not change with time, or that the indices of refrac- 

tion of the reactant and product are very nearly the same. 

Inner filter effect. Based on the observation that the photo- 

product forms initially on the surface of a solid photolyte and the 

assumption that this photoproduct then attenuates part or all of the 

incident radiation reaching the remaining reactant, a semiempirical 

39 approach has been developed to describe this inner filter effect. 
The derivation is as follows. 

Consider a skin of photoproduct x cm thick which increases as ir- 
radiation proceeds. Since there must be an intermediate region where 

both reactant and product are present, the purity of this skin is open 

to some doubt. Therefore let x represent some average skin thickness 

such that if all the photoproduct were concentrated at the surface, its 
thickness would be x. 

The assumption that the intensity I, transmitted through the 

photoproduct falls off exponentially as thickness increases is expressed 

mathematically by: 
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I Iekx 0 

The parameter k is called an attenuation constant and it represents 

the absorption coefficient of the product if the medium does not 

scatter light. If light scattering is important, then k represents 

a combination of absorption and scattering factors. 

When the concentration of product [P] is measured in moles cm 2 

and the density of the solid (p) is in moles cm then the rate of 

reaction can be described by: 

41 = 41 e 
dd(P) pdx -kx 

dt dt (40) 

Within this equation are the assumptions that the wafer is infinitely 

thick (transmission = 0) and that the quantum yield is independent of 

wafer thickness. 

Integration and rearrangement yields: 

x= — ln(1+ I t) 1 ka 
k o 0 (41) 

After defining a normalized attenuation constant, k', where k' = k/p, 

and converting x to [P], a two parameter equation emerges: 

[P] = k, ln(1 + k'41ot) (42) 

This equation then, relates the moles of incident photons cm , Iot, 
to the moles of product cm , [P]. 

Determination of Quantum Yield b Reflectance S ectrosco 

The two derivations presented here are based on two widely accepted 

theories in diffuse reflectance spectroscopy: the Kubelka-Hunk theory 
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and the particle model theory. A comparison between these and among 

44 other theories with regards to 'reflectance has already been published; 

however, a brief discussion will help put the derivations in perspective. 

The Kubelka-Munk theozy treats a powdered sample as a continuous 

medium. Two empirical parameters are postulated to account for light 

scattering and absorption by the sample, but they do not represent any 

fundamental property of the sample. Despite the empirical nature of 

this theory, its widespread acceptance and long standing is indicative 

of its applicability and usefulness with regards to diffuse reflectance 

spectroscopy. 

The particle model theory, as the name signifies, treats a pow- 

dered sample as a collection of spherical particles. As first intro- 
45 

duced by Melamed, this theory relates the reflective property of the 

powder to its index of refraction and absorption coefficient. Although 

more recent in its development, this theory draws its significance 

from the fact that it correctly describes reflectance spectroscopy 

and is able to relate the reflective property of the powder to funda- 

mental optical parameters. 

Continuous medium model. Although the Kubelka-Munk theory makes 

use of arbitrary constants that are not fundamental optical parameters, 

the equations that result allow for relatively easy handling of reflec- 

tance data and good comparison with experiment. The theory is as 
30 follows. 

Consider an infinitely thick solid. The change in the intensity 

(I) of the light as it moves into the solid with respect to the depth 

x into the solid is given by: 



dI/dx = -(k' + s) I + sJ (4&) 

where k' is the absorption coefficient of the solid (which is related 

to k, the absorption coefficient in Beers law) and s is the scattering 

coefficient of the solid. The change in the intensity (J) of light 

moving out of the solid is given by: 

dJ/dx (k' + s)J — sI (44) 

The absorption constant is the sum of the absorptions of the reactant 

and product 

GA Cp k' — k' + — k' 
C A Co P (45) 

where k'A and k'p are the absorption coefficients for pure A, and pure 

P respectively, Co is the concentration of pure A at t 0 and CA and 

Cp are the concentrations of reactant and product at time t and dis- 

tance x into the sample. 

The local rate equation is then given by 

dCA/dt k'A/CA/C (I + J) (46) 

where $ is the quantum yield. 
27 For diffuse radiation it can be shown that: 

R J/I (47) 

In the case of a reaction, eq 47 is only true for short reaction times. 

Equations 9, 10, and 12 can be solved (see appendix) to give: 

f = (1 — R) /2R: k'/s (4g) 



where f is called the remission function. Equations 46 and 47 can be 

combined to give: 

A/ =- 'A9(A/ ) o( + ) (49) 

where I has replaced I since the reflectance can only be measured at 0 

the surface of the solid. The concentration of reactant may be ob- 

tained by combining eq 45 and 49 and realizing tha't C CA + Cp to 

give: 

A k~A k~P 2R s (50) 

30 Equations 49 and 50 may be solved exactly although the math is 
cumbersome. A second assumption can be made for short reaction times 

which will further simplify matters. Use of the remission function in 

eq 50 gives: 

CA — sC (k 
A 

— k'p) ~f fpj (51) 

where fp is the remission function of pure P. The time derivative of 

eq 51 is: 

dCA/dl sC (k 
A 

k p) df /d't (52) 

Equations 51, 52, and 49 may be combined and rearranged for integration 

knowing that at t 0, f = fA, where fA is the remission function of 

pure A to give: 

(f df 
(1+R)(f — f ) A o o 

P 
(53) 
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The value of R changes much slower with time than f (0 & R s 1, 
f & 0) so that (1 + R) may be considered approximately constant 

and taken out of the integral sign. After integration the result is: 

(1 + R) In[(f — fp)/(fA — fp)] = -(k'A/Co 4 o (54) 

Thus a plot of the left hand side of the equation versus time should 

yield a straight line, and if Co, k'A and Io are known, the values 

of the quantum yield may be determined. According to the Kubelka- 

Munk theory k' = 2k where kA is the true coefficient of absorption 
30 of A. Although not critical to the present discussion the scattering 

coefficient s has been reported to be proportional to the inverse of 
44 the mean particle diameter. 

Particle model. In 1971, Simmons used a model similar to 

Melamed's to describe the reflectance properties of weakly absorbing 
45 

29 samples. Simmons defined a parameter A to be the fraction of radia- 

tion absorbed by the particle, such that 

e) (1 — a) 
A 1-ma i 

(55) 

where m and m. stand for the average fraction of light reflected ex- e i 
ternally from a particle, and the average fraction of light which is 

internally reflected back into the particle, as previously stated. 

The coefficient, a, stands for the transmission of the particle ac- 

cording to Beers law 

a = exp(kL) (56) 
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Here k is the absorption coefficient and L is the average distance 

that the light which enters a particle travels before reaching the 

surface again. 

Using arguments similar to Melamed, he then derived an equation 

for R: 29 

R ~ [1 — (2A — A ) ]/1 — A (57) 

29 It has been shown that the average distance L across a sphere of 

diameter, d, is: 

L = 2/3d (58) 

Equations 55, 56, and 58 can be combined to give 

(1 — m )[1 — exp(-2kd/3)] 
A 

1 — mi exp(-2kd/3) 
(59) 

In the case of weakly absorbing solids two simplifying assumptions 

may be made. Since A will be small, for a weak absorber, A in eq 57 

may be neglected and performing the division indicated will give: 

R = 1 — (2A)& + A — . . ~ = exp[-(2A)~] (60) 

when the value of kd in eq 59 is small, a power series expansion of 

the exponential terms may be made with only the first two terms being 

retained as follows: 

(1 — m ) 2kd/3 
A = = (1 — me) (2kd 3)/(1 — mi) 1 — mi + 2kdm. /3 

(61) 
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if the term 2kdmi/3 in the denominator is considered negligibly small. 

It can be shown that: 29 

n2 = (1 — m )/(1 — m ~ ) (62) 

where n is the refractive index, the substitution of eq 62 into 61 

gives: 

A = n 2kd/3 (63) 

Finally eq 63 may be placed into eq 57 to give the reflectance: 

R exp[-2n(kd/3)~] (64) 

The derivation of the quantum yield then proceeds as follows. The 

rate of disappearance of reactant A from the ith particle below the 
31 surface has been shown to be: 

dCi/dt = -Pen C. Ii(1 + Ri ) 2 (63) 

where e is the molar extinction coefficient, n is the refractive index, 

Ci is the concentration of A in the ith particle, Ri is the reflectance 

and I. (1 + R ), the intensity of the light incident on the ith particle. 2 

The reflectance of the ith particle that contains both a reactant 

and a product which absorb is obtainable from eq 64 and i. s as follows: 

R = exp[-2n(d/3) (kC + kp 
C 

) ] 
0 0 

(66) 

where kp is the absorption coefficient of the product and Cp. is the 

concentration of product in the ith particle. By using the relationship 
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C=0. +Cp i (67) 

Equation 66 can be rearranged in terms of CD to give: 

(lnR. )2 (lnRp)2 
Ci C 

(lnR ) — (lnR ) 
(68) 

where R is the reflectance of pure reactant and Rp is the reflectance c 

of pure product. The time derivative of eq 68 is: 

dc. 21nR dlnR. i i i — = C dt (lnRi)2 (lnRc)2 dt 
(69) 

Equations 68 and 69 may be substituted into eq 66 and rearranged 

for integration, making use of the fact that at t = 0, R. = R to give: 

JRi 21nRidlnR. , t 
— -J pen Iidt 

RA (1 — Ri [(lnR) — (lnRp) ] 
(70) 

Since only the reflectance at the surface can be measured the subscript 

(i) may be dropped to give: 

JR 21nRdlnR 2 — -ken Iot 
Rc (1 + R2)[(lnR)2 (InRp)2] 

(71) 

A plot of the integral values versus time should give a straight line 

plot whose slope is -pen I , and if e, n, and I are known, 9 may be 2 
0 

determined. This, however, is fairly complicated and can be simplified 

if the reaction time is small. 
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First the integral is integrated by parts: 

R 21nRdlnR (lnR) — (lnRp) 2 2 

ln 
RA (1 + R2)[(lnR) (InRp) ] 1 + R (lnRc) (lnRP) 

R 2R2 (lnR ) — (lnRp) 

RA (1+R ) (lnRc) (lnRP) 
(72) 

This can be rearranged, combining integrals to give: 

1+ 
P(1 R) — (lnR ) $ R $ nR R 

P(lnRc) — (lnRp) J A L(lnR) - (lnRp) 1 + R 

(lnR) — (lnR ) $ 2dlnR 

(lnRc) — (lnRp) J (1 + R ) 2 2 J 
(73) 

Finally, observing that for small extents of reaction for which 

RA ~ R, 

lnR R P(lnR) — (lnRp) 2 2 2 

(lnR) — (lnRp) 1 + R (lnRc) — (lnRp) 
(74) 

eq 72 may be rewritten as follows: 

R 21nRdlnR 1 (InR) — (1nRp) 
2 2 

f 2 2 2 2 
=- — ln 

2 2 
(7&) 

RA (1 + R )[(lnR) — (lnRp) ] 1 + R (lnRA) — (lnRp) 

Thus for short reaction times where the extent of reaction is small: 

1 (lnR) — (lnR ) 
2 2 

ln -pc& I 2 

1 + R (lnRc) — (lnRp) 
(76) 

A plot of the left hand side of eq 76 versus time, should yield a 

2 straight line whose slope is equal to -)en Io. Thus as in previous 



treatments the quantum yield is determined from the slope of the line. 



EXPERIMENTAL 

Pre aration of Rea ents 

Preparation of [Rh(NH~)~CI]012. Rhodium trichloride [RhC1 ~ 1. 8H20] 

was obtained from Engelhard and used without further purification. 

The chloride salt was converted to the chloropentaammine chloride com- 

46 plex as follows. An aqueous solution (16 mL) containing the hydrated 

rhodium chloride (1. 22 g) and ammonium chloride (1. 53 g) was stirred 

and heated to 75 'C in a warm water bath. Ethanol (4 mL ) was then 

added. After 3 min. of constant (magnetic) stirring, the reaction mix- 

ture was cooled to 35 'C. The addition of concentrated ammoni~m 

hydroxide solution (7 ml) to the dark brown solution precipitated the 

chloropentaammine chloride in the form of dull yellow crystals. After 

two min of additional stirring the solution temperature had risen 

to 40 C. Subsequent to cooling in an ice/water bath, the filtered 

product was washed once with concentrated ammonium hydroxide (2 mL') 

and twice with small portions (2 mL) of ethanol. The air dried 

precipitate recovered, weighed 1. 3 g. [Calc. 1. 7 g]. 
O' IRh(IIH~) rj(CZO )z. a d' S a a 

47 

complexes of the type (Rh(NH3)5X)Y2 (X = Cl , Br , I ; Y = Cl , Br 

I , NO , Sip ) may be prepared with high yield and purity. The 

reaction sequence is similar in all cases so only the case where X = I 
and Y = C10 (a modification) will be considered. A mixture contain- 4 

ing the chloropentaammine (1 g) prepared above, and water (40 mL) 

was heated to 90 C in a hot water bath. Then a solution of 1. 5 M 

48 sodium hydroxide (10 mL) was added. The solution was stirred for 

45 min at 90 'C. The mixture was then cooled to room temperature 



and hydroiodic acid (47X, 45 ml) was added with stirring. A pale 

yellow precipitate, [Rh(NH ) OH ]I , formed. After cooling in an ice 

bath and filtering, the product was washed twice with hydroiodic acid 

(47%, 2 mL portions) and once with ethanol (2 mL). The crystalline 

product was mixed with 3 M hydroiodic acid and heated to 80' C for 

1. 75 h. This reaction was performed in a hood whose front glass 

panel had been covered previously with aluminum foil. This 

considerably reduced the amount of light reaching the photo-sensitive 

material formed. Illumination in this hood came from a red Kodak 

safelight during this reaction as well as the subsequent exchange 

reaction (see below). The crystals were cooled, filtered and washed as 

described above for the aquopentaammine complex. This precipitate 

[Rh(NH )5I]I2 was mixed with 6 M perchloric acid (40 mL) and stirred 
at room temperature for 45 min. During this time the solid 

crystalline phase was always present. The crystals were then filter- 
ed and washed twice with aliquots of concentrated perchloric acid 

(2 ml) and twice with ethanol. The air dried product [Rh(NH )5I]- 
(C10 ) displayed absorption bands at 417 nm and 279 nm, which agreed 

49 with the literature values of 416 nm and 278 nm. 

It should be mentioned that although the preparation of 

[Rh(NH3)5I](0104)2, according to gushnell , was used to prepare the 
50 

17 starting material for the photoaquation reaction in solution, 

this method has several problems. The reaction sequence has many 

stens and does not go cleanly for the most part. Thus, isolation of 

intermediates and purification of the product results in very low 

yields. For example, the Bushnell procedure requires the addition of 
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perchloric acid to precipitate [Rh(NH3)50H ] (010 ) . The modification 3 5 2 

of Jorgensen presented here, using hydroiodic acid, allows for the 

immediate separation of the relatively insoluble triiodide analog. 

Addition of Nal and heat to a solution of the perchlorate yields a mix- 

ture of the triiodide and the desired product [Rh(NH3)5I]I2, whereas, 
51 simple heating of a suspension of the aquotriiodide in 3 molar 

hydroiodic acid yields essentially only [Rh(NH ) I]I2. Initial 52 

dissolution of the diiodide was also found to be unnecessary. The 

outer sphere iodide ions exchanged readily with perchlorate (from 

perchloric acid) at room temperature. The weight percent yield when 

using Buchnell's method was usually between 10X and 50% while that 

obtained by Jorgensen's was nearly 100X of the starting pentaammine 

chloride, The purity of the compound, as evidenced by its visible 

ultraviolet spectrum varied between 13/ and 90X for Bushnells' pro- 

cedure while the purity of the material obtained by the Jorgensen 

$9 method was in very good agreement with the literature (greater than 

95X). It should be mentioned that the 90X obtained using Bushnell's 

procedure included two recrystallizations while the 95X purity 

obtained via the preferred method was prior to recrystallization. 

Thus, because of the problems of the Bushnell preparation which 

included 1) necessary separation of intermediates, 2) large volumes 

necessary for dissolution of the slightly soluble intermediates and 

overall low purity, this method should be avoided in favor of the one 

outlined in the procedure section which offers a high yield of a 

relatively pure product with very few isolation steps. 
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Pre aration of [Rh(NH ) OH I](010 )2. The iodoaquotetraammine 
3 5 

was obtained by irradiating aqueous solutions of the iodopentaammine 

salt with room light and/or the light source used in the photolabiliza- 

tion experiments described below. The visible spectrum of the product 
16 corresponded with the literature. This product was not isolated here. 

Pre aration of NaHY zeolite. To a rapidly stirring solution of 
-4 acetic acid (4 L; 10 M) at room temperature was added 5 gm of NaY 

zeolite (Linde lot g3365-94) ~ As the exchange proceeded the pH of the 

solution increased. After 12 hrs of stirring, more acetic acid (1 M) 

was added, drop by drop, from a burette, to return the solution to a 

pH of 4. An additional 12 hrs of stirring was not accompanied by a 

further change in pH, therefore the exchange was considered complete. 

The solution was filtered on a fine-scintered glass buchner funnel, 

washed 2 times with ca. 50 mL portions of distilled deionized water 

and dried by drawing air through the sample. The crystalline integrity 

of the zeolite was verified by comparing the H-ray powder pattern 

before and after hydronium ion exchange. The extent of exchange was 

deduced from the approximate amount of acetic acid needed to maintain 

the solution at pH 4. The applicable equation is: 
Kd[HAc] 

[Na ] - [Ac ] 
[H ] 

(77) 

+ 
where Na, Ac and HAc refer to the sodium ions, acetate iona and (exc) ' 

acetic acid in solution at equilibrium. 

The extent of hydronium ion exchange was approximated using 
— 3 + eq (39) and was found to be ca. 1. 7 x 10 moles H 0 /g. It is 
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assumed that these ions were exchanged for sodium iona. For a typical 
53 sodium Y zeolite of composition: 

56 (A102 56(SI02 136 
~ 250H 0 

This corresponds to the exchange of approximately 50X or roughly 28 

54 sodium iona per unit cell. 

Preparation of [Rh (NH ) I]/NaHY zeolite. Into 700 ml of an 
III 

aqueous solution of iodopentaamminerhodium(III) perchlorate (0. 112 g, 
-4 2. 2 x 10 mole) was added 0. 568 g of the previously prepared NaHY 

zeolite, with stirring at room temperature. A black-taped flask was 

used to prevent the photoreaction from occurring. After 24 h the 

zeolite was filtered and washed once with 50 mL of distilled deionized 

water, and dried as described above for NaHY. The pH of the solution 

was observed before and after the exchange and it was noted to decrease 

slightly. The filtrate was also observed to be colored yellow after 
the exchange was complete. The optical density was observed at 417 nm 

2+ and the concentration of [Rh(NH3)5I] left in solution, [C], was 

calculated using Beers law: 

[C] A/tf (78) 

The symbols A and a refer to the measured optical density and the 

extinction coefficient of iodopentaamminerhodium(III) in solution. 

The extent of exchange was determined by difference. 

During the iodopentaamminerhodium(III) exchange, it was noticed 

that the pH of the aqueous phase decreased. This was probably due to 

the exchanging out of some of the hydronium iona then present. The 
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final pH of this solution was observed to be less than 4. I-ray 

powdez patterns obtained before and after this exchange were compared 

to each other and to a powder pattern of the parent NaY. No loss in 

crystallinity resulted from the hydronium ion exchange; however, 

the powder pattern obtained after complex exchange showed increased, 

as well as decreased, peak intensities making an accurat estimate 

of crystallinity loss impossible. The amount of complexed rhodium 

exchanged in was taken as the difference betwen the moles determined 

from the amount of complex weighed out and that determined from the 

optical density of the filtrate after the exchange and was determined 

-4 to be 2. 6 x 10 moles/gm or ca. 2. 7X rhodium by weight. At this 

exchange level, there was a five fold excess of hydronium ions even 

if the rhodium exchange was exclusively in favor of hydronium ion 

removal, therefore the rate could be considered independent of 

hydronium ion concentration. 

Li ht Source and Calibration 

Photol sis a aratus. A mercury vapor lamp from General Electric 

(100 W, H100 A4/T) was coupled with a collimating lens and chemical 

filter solutions to isolate the 435. 8 nm line. The lamp was en» 

closed in a housing which permitted light to travel in. only. one direc- 

tion. The focal length of the lens (f) was found by using the 

formula: 

(79) 

where p is the distance from the bulb to the lens and 9 is the distance 

from the lens to the point where the image of the bulb is focused. 
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The lens was then placed one focal length away from the bulb so that 

the rays of emerging light would be parallel. 

The filter solutions were contained in two cells, each 10 cm in 

length. A common central Pyrex window separated the solutions; A 

water-cooled jacket surrounded both cells to prevent uneven heating 

of the cells due to infrared absorption by the solutions. The cell 

and the cooling jacket are depicted in Figure 1. The filter consisted 

of two solutions. The first was a solution of sodium nitrite in 

warer (7. 5 g/100 mL) and the second solution was an aqueous mixture 

of copper sulfate pentahydrate (0. 44 g) and concentrated ammonium 

hydroxide (18 mL) diluted to 100 mL. 

1 1 ~AA 6 1h y 1 th 1 ghl 

was determined by using the wet chemical technique titled above. A 

modified version of the original. preparation was adopted here &Bb 

since it eliminated the possiblity of shelf decomposition of the 

actinometer. Iron and oxalate solutions were prepared in separate 

vessels and were photochemically inert until they were mixed and di- 

luted to give a fresh actinometer solution. The concentration of the 

iron solution was found by using the following method. A known 
57 

volume of the solution was reduced with hydroxylamine hydrochloride. 

After the addition of 1, 10-phenanthroline and a volumetric dilution, 

the optical absorbance of this ferrous phenanthroline solution was 

4 -1 measured at 510 nm where its extinction coefficient is 1. 10 x 10 cm 

-1 
N . The concentration of this diluted solution was found using 

Beer 's law (eq 78). 

It should be noted that an error exists in the modification as 



Figure l. Exciting source; (a) cooling jacket for (b) solution filters; 
(c) lens; (d) lamp housing; (e) mercury vapor lamp. 
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reported by Murov. The third solution preparation reads "Ferrous 

sulfate solution" but it should read "Ferric sulfate solution. " The 

rest of the procedure is straightforward and will not be discussed 

further. The light source intensity was calculated by using eq . 13 

arranged in the following form: 

[P] 
c (I 10-t[C]1) 

(80) 

The extinction coefficient, s, is of ferrioxalate at 435 nm. The 

actual concentration of product formed was found using eq 78, where 

in this case stands for the molar absorptivity of ferrous phenan- 

throline at 510 nm. The intensity of the source was constant during 

each run, provided 30 min or more was allotted for the lamp to warm 

up. Since the light intensity was seen to vary from one run to the 

next, the light source was calibrated at the beginning of each run. 

It was noticed that if the calibration cell was placed as much as 

0, 5 cm out of position the intensity change was less than 10X of the 

original intensity. In addition to slight changes in the intensity of 

the mercury vapor lamp (due to slight variations in lamp position), 

there was an overall decrease in the output of the lamp over the series 

of reactions. During each individual reaction, however, the light 

source intensity appeared to remain essentially constant (Table I). 
The source intensity was obtained at the beginning of each experiment. 

The light used by the Beckman Acta III spectrophotometer to 

determine the concentration of reacted ferrioxalate also caused slight 

decomposition of the actinometer solution. This error was negligible 
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Table I. Light Source Intensity 

I Total Time, Run Conditions einstein/cm2 min min 

1 Initial Trial 4. 3=0. 3 x 10 (4) 75 

Liquid 
2 6. 69 x 10 3 M 

3 5. 35 x 10 3 
M 

4 6. 42 x 10 3 
M 

4 0+0 3 K 10-8 (3) 70 
3. 6+0. 1 x 10-8 (3) 65 
3. 6+0. 1 x 10 (3) 60 

Solid 
37 um 

32 Um 

40 um 

36 um 

38 um 

3. 2 0. 1 
2. 9c0. 1 
2. 810. 1 
2. 5+0. 1 
2. 1 0. 1 

x 10 
x 10 8 

x 10 8 

x 10 
x 10 

(b) 
(3) 57 
(3) 48 
(3) 60 
(3) 47 

10 Reflectancec 2. 2 0. 1 x 10 7 (3) 12 

a, Average value with number of determinations in parentheses. 
b, Not specifically measured, found by interpolation. c, unfil- 
tered source intensity. 
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since 10 min of spectrometer radiation resulted in less than a 2%%d 

change in the absorbance value. Decomposition due to dark (thermal) 

reactions was slow; however, unused portions of the actinometer solu- 

tion had to be discarded after two weeks due to the buildup of product. 

I d' t' f fllh(NH~l Il(cia )~ k r k 

58 All solutions were degassed by bubbling chromium-scrubbed 

nitrogen through them before and during reaction. All irradiation 

experiments were conducted under darkroom conditions where the only 

illumination other than the exciting source came from one red and 

one amber Kodak safelight. Solutions of varying concentration and 

ionic strength were irradiated and the formation of product was 

followed by observing the change in pH. In a typical experiment a 
-3 solution of iodopentaamminerhodium(III) perchlorate (6. 3 x 10 M; 

final conc. ) was adjusted to a pH of 3 (using HC10 ) and an ionic 

strength of 0. 1 (using NaC10 ) . An aliquot of this solution (3 ml) 

was placed in a quartz cell. The quartz cell had been covered before- 

hand with aluminum foil, except for the lower one square centimeter, 

on its front and back side so that the results obtained would be more 

easily comparable with those of the solid state reaction (cf. below). 

The filled cell was then placed in the IR-9 spectrophotometer in a 

position which was similar to that which was occupied by the solid 

sample in subsequent experiments (see below). A combination pH 

electrode was then immersed into the solution along with a micropipette 

(which functioned as the nitrogen bubbler). 
+ The hydronium ion concentration [H ] in the soluton was found 

by the following equation: 
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pH = -log([H ] f +) + 
H 

(81) 

where f + is the activity coefficient of hydronium ion. The activity H 

coefficient is related to the ionic strength (u) of the solution by: 

1 

0. 5u log f 
H~ 1+ 3u 

(82) 

The ionic strength was determined in the usual way by the formula: 

Q I C. Z. 2 
I i I 

(83) 

th where C. is the concentration of the i ion and Z. is the charge of i i 
that ion. The moles of hydronium ion consumed is equal to the number 

of complexes which reacted, thus the rate can be expressed by DP/At. 

The quantum yield was obtained using eq 13, where I is measured in 0 
-3 einsteins ~ cm and the extinction coefficient at 435 nm was determined 

from the experimental absorbance. 

2+ Irradiation of [Rh(NH ) I) Exchan ed In NaHY 

It should be remembered that prior to irradiation, all procedures 

involving the reactant were carried out under darkroom conditions. 
2 The exchanged zeolite was pressed into wafers which were s 5 mg/cm 

"thick, " Since the wafers were very thin, these units were convenient. 
-2 Each wafer was pressed to 500 kg lcm for ca. 30 sec using a 

high-carbon steel dye. Then the wafer was cut into a rectangle 

(approximately 1 'cm x 2 cm) for mounting into the sample holder. The 

sample holder was then lowered into the infrared cell described in 

Figure 2. The infrared cell was mounted on a bracket which was bolted 



Figure 2. Experimental apparatus for infrared study. Top view: (a) 
light source; (b) filters cell; (c) Beckman IR-9 spectrophotometer; (d) 
infrared cell in position for irradiation, dotted lines represent posi- 
tion for infrared spectrum recording; (e) reference attenuator; (f) 
source/cell support; (g) side view of infrared cell and bracket. 
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to the infrared instrument. Thi. s permitted all the wafers to be 

oriented in a similar way with respect to the infrared beam. With 

the aid of two stops at 90' angles, a reproducible orientation of the 

cell with respect to the exciting visible source (described above), 

was also achieved. A typical experiment consisted of placing a precut 

wafer into the cell and placing the cell in the IR beam. After the 

glower current was set at 0. 60 Amp, the slit mode was set to select, 
-1 and the slit width was adjusted to 0. 98 nm at 1350 cm to give a 

-1 resolution of cm . Then in the transmission mode and on single 

beam, the gain was adjusted to give a 55%%d deflection of the pen at 
-1 

1850 cm where there was a window in all the zeolite spectra con- 

sidered here. Typical gain settings were between 2/ and 5/. The 

reference beam was then attenuated in the double beam mode to 75/ 
-1 deflection of the pen at 1850 cm . preliminary studies showed that a 

1 period of 8 and a scan speed of 80 cm /min. give the best signal to 

noise response, thus these settings were used exclusively. 

The IR transmission spectrum of the wafer was then recorded 
-1 -1 between 1200 cm and 2000 cm . Next the spectrometer was switched 

to the absorbance mode and the absorbance spectrum from 0 to 1 was 

-1 recorded between 1250 and 1650 cm . A 90' turn then oriented the 

wafer perpendicular to the visible source as described in Figure 2(p. 38) 

and the wafer was irradiated for a preset time interval. At the end 

of this time the cell was returned to its original position by a 90' 

the IR spectrum was again recorded. 
59 

cm , along with the decrease 
60 

1335 cm , was followed for 

turn in the opposite direction and 

The buildup of ammonium ion at 1455 

in the coordinated ammonia band at 

periods of between 210 and 240 min total accumulated irradiation 



time. The males of ammonium ion product per square centimeter was 

found from the infrared absorbance after the instrument was calibrated 

(see below). The quantum yield was then obtained using the various 

treatments described in the theory section. 

Calibration of the IR-9 Spectrophotometer 

The absolute amount of ammonium ion in the zeolite obtained from 

infrared absorption measurements resulted from the following calibra- 

tion. Three solutions were prepared containing -0. 36 g~ -0. 22 g~ 

and -0. 50 g of ammonium chloride per liter. Approximately one gram 

of NaHY was added to each solution while stirring, and then 

they were heated to 50'-60 'C. A watch-glass cover over each prevented 

excessive solvent loss due to evaporation. After 24 h each of the 

solutions was allowed to cool. The exchanged zeolites were filtered 

and dried as described previously. Wafers of varying thickness were 

prepared for each concentration. The transmission spectrum of each 
-1 -1 wafer was recorded between 1200 cm and 2000 cm and its absorption 

-1 -1 spectrum was recorded between 1250 cm and 1650 cm . The absorbance 

of ammonium ion was found by drawing a smooth curve, as given by the 

initial spectra, to connect the two minima (Pigure 3). This peak was 

2 then cut out and weighed. A graph of thickness (mg/cm ) versus the 

weight of the peak was prepared for each extent of exchange. The total 

amount of ammonium ion in each of the three exchanged zeolites was 

found via a Kjeldahl determination for ammonium ion (see Appendix B). 
2 A plot of the concentration (males/mg) of unitized thickness (mg/cm ) 

of these standards versus relative peak area completed the calibration. 



1500 1300 
Figure 3. Infrared spectrum of the ammonium ion band at 1450 cm and 
the zeolite background (lower portion). Relative peak areas were ob- 
tained from the. weight represented by the shaded area. 
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As expected from Beers law, there was a linear correlation between 

the absorbance (measured as the weight of the paper under the peak) 

and the thickness of the wafer. A plot of the concentration of various 

HY samples with different loadings of ammonium ion versus the relative 

peak area for wafers of the same thickness showed a negative deviation 
I from Beers law at higher concentrations. For the photoaquation 

reaction under consideration, the maximum concentration of ammonium 

ion obtainable assuming 100X conversion was within the linear portion 

of the graph. Since the mathematical treatments applied to this 

system are reported in moles per square centimeter, the calibration 

graph constructed was that given in Figure 4. 

I Htd t &I*d' t' I fRR(RH) III I It 
The amount of water lost from a sample of the exchanged zeolite 

61 was determined using a McBain scale. During a 12 h evacuation the 
-5 sample was degassed to a final dynamic vacuum of 2. 5 x 10 torr. 

A second sample of the same exchanged zeolite was pressed and 

inserted into the IR-9 spectrophotometer as described previously. The 

infrared cell was then connected to the same vacuum line as was the 

McBain scale above. An infrared spectrum of this sample was obtained 

before the subsequent 12 h evacuation. A second infrared spectrum 

was taken before any visible irradiation of the sample occurred. 

This was followed by the visible irradiation procedure described above. 

Analysis of products was similar to that of the hydrated zeolite 

reaction. 
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Reflectance Stud 

The light intensity of the reflectance source of the Cary 14 

reflectance spectrometer was calibrated using ferrioxalate actinometry 

(see above). 

A relatively thick pressed waver of exchanged Y zeolite was placed 

onto the sample side of the instrument with Mg0 as the reference. 

Initially the visible spectra was obtained from 380 nm to 650 nm. 

All subsequent runs went from 340 nm to 700 nm. The light source was 

turned on at the start of each run and off at the end. Recording of 

the spectrum began as soon as the recorder pen stabilized. In each 

case this occurred within 5 sec after the source was turned on. 

The decrease of the reactant, at 430 nm, and the increase of product, 

at 485 nm, were followed with respect to time. 

In both reflectance studies the term on the left hand side of 

eq 54 or eq 76 was plotted as a function of time and the slope was 

related to the quantum yield. 

Absolute Thickness 

The absolute thickness of the wafers was determined using a 

goniometer. Small sections of the original wafers were mounted on a 

goniometer head and aligned so they were oriented edge on with re- 

spect to the lens. An internal, movable scale yielded the thickness to 
-3 a precision of 4 x 10 mm. 

A reasonably good correlation was found between the "thickness" 
-2 as it is often reported for very thin wafers, in mg ~ cm , and th 

-6 actual thickness measured in microns (10 m) as shown in Figure 5. 
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This correlation is only strictly true for samples which were 

formed under the same pressure. 



RESULTS 

Quantum Yield in Solution 

A plot of ammonia formation versus time for solutions of varying 

concentration and ionic strength, p, shows the effects of these 

variables on the reaction rate (Figure 6). The rate of reaction 

(AP/AT) is seen to increase with increasing ionic strength as does the 

quantum yield. The pseudo-zero order approximation for small extents 

of conversion appears to be valid for the two larger concentrations, 
-3 -3 6. 6 x 10 M (a) and 6. 4 x 10 M (c), as evidenced by the linear 

dependence of product formation with respect to time. The slight 
-3 curvature present in the smaller concentration, 5. 3 x 10 M (b), is 

probably due to the relatively low concentration. The quantum yield 

values obtained in this analysis are given in Table II. 
2+ 

The quantum yield for[Rh(NH3)51] photoaquation was previously 
17 reported to be 0. 87+0. 07 in solutions adjusted to 0. 1 u. In the 

present work a value of 1. 06+0. 08 was observed. These values are 

close to each other, especially when the limits of error are consider- 

ed. The quantum yield determined in this work will be used for com- 

parison unless specifically stated otherwise. 

Determination of uantum Yield in the Solid Phase b Infrared 

As the photoaquation of exchanged (Rh(NH3)51] proceeded, the 2+ 

-1 absorption band due to ammonium ion at ca. 1450 cm increased as 

shown in Figure 7. Since the wafers could not be pressed in total 

darkness, a correction was made for the small amount of product 
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Table ll. Quantum Yield Values for the Photoaquation of 

[Rh(NHS) 5?I(0104) 2 in Solutions of Varying Ionic Strength 

Concentration Tonic Strength 

6. 69 x 10 3 M 

5. 35 x 10-3 M 

6. 42 x 10-3 M 

0. 020 
0. 083 
0. 10 

0. 52 
0. 65 
1. 06 
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Figure 7. Infrared spectra of the absorption due to ammonium iona at 
1450 cm after various periods of irradiation: (a) t= 0; (b) t=50 
min; (c) t~240 min; (d) t=~. 
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(curve a) which appeared in the infrared spectrum before the start of 

the irradiation. This correction usually amounted to less than 2X 

of the moles of reactant initially present. 

Pseudo-zero order a roximation. Regardless of wafer thickness, 

a plot of product concentration versus time (Figures 8 and 9) ~ 

straight line for relatively short reaction times, on the order of 

50 min. After this time the rate is seen to fall off, possibly due 

to the decrease in reactant or to the buildup of a surface layer of 

product. 

For short reaction times (&50 min. ) the quantum yield may be 

approximated by using eq 16. The fraction of light absorbed (1-R) was 

assumed to be constant during this time and was approximated to be 

0. 50 at 430 am~ which was the observed reflectance of a thick wafer con- 

taining the same loading of rhodium complex. The slope of the line 

(m) was equal to $(1-R)I and since the intensity of the source (I ) o$ o 

had already been measured, the quantum yield was found using: 

(1-R) I 0 
(84) 

The actual value of the quantum yield obtained by this method is 
0. 22+0. 02. The estimated error is mainly due to the assumptions that 

the reflectance is a constant and that the wafers are infinitely thick. 

First order a roximation. If it is assumed that the reactant 

concentration is important in determining the rate, which is reasonable 
-6 -2 considering initial concentrations on the order of 1 x 10 moles cm 

then the rate should be expressed by a first order relationship. This 
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is shown graphically in Figure 10 and 11. The straight line obtained 

over the first 90 min confirms the aoplicability of this treatment. 

Rearrangement of the integrated form of eq 38 yields the relation- 

ship between the slope of the line and the quantum yield: 

ln(C/Co) 2 
0 (85) 

The extinction coefficient is assumed to be similar to that in solu- 

2 tion; however, since concentrations are measured in moles/cm , the 

units of c must be adjusted accordingly. For example: 

1000 2 
270 M cm 270 ' = 270, 000 — (86) 

m cm m 

The value of the refractive index (n), although not specifically 

measured here is taken to be 1. 50 which is within the range of the 

62 refractive indices of some natuzally occurring seolites. Following 

this avenue led to a resultant quantum yield of 0. 19+0. 02. 

Approximation due to the inner filter effect. The observed fall- 

off in reaction rate may have been due to build up of product at the 

surface. This behavior is represented by eq 42: 

P = — ln(1 + 4k'I t) 1 
k' 0 (42) 

The value of the quantum yield, 4, and attenuation constant, k', weze 

approximated using a Taylor series expansion in tezms of (I t) as 
0 

follows: 

P = 4(I t) — — (I t) + — (I t) $k 2 $k 3 
0 2 0 3 0 

(87) 
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After assuming that the values of (I t) were small, the series 0 

was truncated at the third term. 

The coefficients of this equation were found using a non-linear 

least squares method and using matrix math to solve a set of linear 

equations. For the generalized equation: 63 

2 3 
y a +a +a x +a3x + 

0 (88) 

where a series of (x, y) points are known, the coefficients a. may be 

found by setting up a matrix such that: 

i i 2 i m 

Z x . I x . . . . Z x 
1 i 

i i 2 
Zx. Zx i 
i 2 
E x i 

a 
0 

i 
a E 

2 
x . y 

(89) 

i i m+1 
I x . I x I 1 

i . 2m 

I x 
i 

a Z 

where n is the number of points and m is the degree of the polynomial. 

2 
A programmable T. I. 59 calculator was used to sum all the x, x 

y, xy, etc. values as described above. These values were then entered 

into a matrix subroutine of the calculator and the coefficients were 

obtained. These coefficients were then plugged into the Taylor series 

form of the original equation and a smoothed line was calculated by 

entering experimental exposure (I t) values and calculating the 0 

theoretical amount of product. 
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The coefficients of the squared and cubed terms were first solved 

in terms of k', then they were set equal to each other to solve for 

the value of quantum yield. Twice this value was added to the value of 

the quantum yield obtained from the coefficient of the first term and 

the sum was divided by three so the coefficients would carry equal 

weight. This analysis led to a quantum yield value of 0. 32 + 0. 04, 

The experimental points and calculated fits for the various thick- 

ness and conditions are graphically displayed in Figures 12 and 13 

A plot of ammonium ion concentration calculated by eq 84 versus the 

experimental concentration containing the data from all 3 hydrated wafers 

of different thicknesses are shown in Figure 14. if the solution 

to the equation were exact, the line obtained by this treatment should 

have a slope and correlation coefficient of one and an intercept equal 

to zero. The actual results are given in Table III. 
There is one unfortunate deficiency in this method. The quantum 

yield may be obtained from the first non-zero coefficient: 

a 1 (90) 

or by solving simultaneously the second and third coefficients for 4 

to give: 

4 = 4a /3a 2 (91) 

However, these two equations do not give exactly the same value for 

the quantum yield. Since the coefficients should be equally important, 

the quantum yield reported for each thickness gives equal weight to 

each of the coefficients as described earlier. 
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Pigure 12. Effect of the inner filter on the photoaquation of 
(Rh(NHE)SIJ in hydrated zeolite wafers: g , ~ represent experi- 2+ 

mental data points; f represents the calculated concentration as 
determined from the truncated taylor series (see text). Where the 
calculated point overlaps the actual data, only the data point is 
shown. 
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Figure 13. Effect of the inner filter on the photoaquation of 
[Rh(NH3)3Z] in: ~ the hydrated zeolite; ~ the partially dehy- 

drated zeolite; $ represents the calculated concentration as 
determined from the truncated Taylor series (see text). Where the 
calculated point overlaps the actual data, only the data point is 
shown. 
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Table III. Correlation Between Calculated Product Concentra- 
tion and Experimental Data 

Thickness Slope Intercept 

32 n'm 

37 nm 

40 Qm 

38 orna 

0. 957 -1. 34 x 10-8 0. 997 
1. 016 -3. 41 x 10-9 0. 988 
0. 999 1. 40 x 10-9 0. 995 
0, 948 4. 16 x 10-8 0. 969 

All wafers were hydrated except a, which was dehydrated as des- 
cribed in the text. The symbol r stands for the correlation co- 
efficient. 
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Effect of deh dration. Since evacuation at ca. 100' C was 

accompanied by severe reactant decomposition (in the absence of light) 

recourse was made to a 12 h evacuation at room temperature. Even 

at these relatively mild conditions, water loss was accompanied by 

partial decomposition of the reactant, which amounted to approximately 

12X of the initial reactant concentration. Before the start of the 

photoreaction 9. 5X by weight of water, representing approx-'mately 35X 

of the water available, was removed. Thi. s decreased the number of 

available water molecules from about 50/complex to 35/complex. 

The quantum yield might therefore be expected to remain relatively 

constant or decrease slightly. In fact the quantum yield appears to 

be about 70%%d of its original value according to the firer. order 

approximation. Conversely, the treatment which accounted for the sur- 

face layer of product shows that the value of the quantum yield has 

remained essentially constant. 

Determination of uantum Yield in the Solid Phase b Reflectance 

This method required only reflectance data to determine the 

quantum yield of the system so it provided an essentially independent 

way to verify the results obtained from the infrared study. 

The decrease in reactant absorption at -430 nm and the simultaneous 

increase in product absorption at 485 nm is shown very clearly in 

Figure 15. Vi ote the appearance of isosbestic points at -375 nm and 

450 nm. This is evidence that there is probably only one reactant 
64 and one product. The sample was removed and subjected to more 

intense radiation to drive the reaction to completion. Improper 
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Figure 15, Reflectance s~ectra showing the conversion of [Rh(RH3)5I] 
(430 nm) to [Rh(NHR)5OH3I], (485 nm); scan rate 60 nm/min. Time at 
430 nm: 1. 5 min (t=0); -" 6. 67 min; -- — 13 min; — — 19. 33 min; —. . — 
37. 5 min. 
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replacement of the wafer resulted in a final spectrum (for t ) which 

does not cross the isosbestic point at 375 nm. 

Since the compound began to react as soon as the spectrum was 

recorded, the initial reflectance at time zero was found by extrapola- 

tion (see Pigure 16). It is interesting to note that there is a 

bathochromic shift in the reactive absorption band for the exchange 

complex, 430 nm, compared with this band in solution, 416 nm. 

Continuous medium model. The rate of reaction was described by 

eq 54. The remission function (f) is assumed to vary much more 

rapidly than the reflectance (R) so R is considered a constant. A 

f-f 
1 CO 

graph of — ln( ) versus t yields a straight line (Fioure 17), 
lyR f -f c 

with a slope which is equal to -2c41 . The extinction coefficient, c, 
0 

from solution data is 270, 000 cm /mole. The unfiltered source inten- 2 

-7 -2 . -1 sity was determined to be 2. 2 x 10 E ~ cm min . Using these 

numbers and the observed slope of -0. 0352, the quantum yield was 

calculated to be 0. 30+0. 02. 

Particle model. The equation presented above is valid for weak 

absorbers where the product of the absorption coefficient and the 

particle diameter is small. If in addition to these two constraints 

the extent of conversion is also small, the following previously 

derived equation can be written: 

2 2 
1 (lnR) -(lnR ) 21n(22 2 

1+R (lnR ) -(lnR ) c p 

(76) 

Actually this equation has been shown to be valid as described 

earlier when: 
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lnR R 
2 

2 2 2 
ln 

(lnR) -(lnR ) 1+R 
P 

(lnR) -(lnR ) 
2 2 

(lnR ) -(lnR ) 
2 2 

C P 

(92) 

Table IV shows the results of this comparison for the reaction in 

question, as well as the percent difference for the reflectance data 

collected at 430 nm where R = 0. 495 and R = 0. 594, (Figure 16, p 70). A p 

One should observe that the percent difference in every case is less 

than 6 percent which is well within the range considered acceptable 
32 for thi. s treatment. The rate plot illustrating eq 76 yields a 

fairly straight line (Figure lg). The slope of this line is -0. 0415 
-1 

min which results in a quantum yield of 0. 32+0. 02. The error in 

this case is approximated from the percent difference as given in 

Table IV. 



73 

Table IV. Validity of eq 74 Over the Experimental Reflectance 
Range 

ln R R (1 R) — (2~ ) — 1 
(1 R)2 (1 R )2 1 R (2~)2 (1 R )2 

I II 

(II/I)'100K 

0. 501 
0. 520 
0. 541 
0. 555 
0. 564 
0. 571 
0. 578 

-3. 349 
-4. 184 
-5. 790 
-7. 813 

-10. 105 
-13. 124 
-18. 779 

-0. 031 
-0. 146 
-0. 311 
-0. 461 
-0. 586 
-0. 712 
-0. 881 

0. 093 
3. 48 
5. 37 
5. 90 
5. 80 
5. 42 
4. 69 
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DISCUSSION 

The quantum yield values obtained for various thicknesses and 

experimental conditions from the various methods of approximation 

employed are summarized in Table V. Both the pseudo-zero and fikst- 

order approximations lead to a relatively low quantum yield, pre- 

sumably because absorption by the product was not considered. 

It wss assuring to note that the quantum yield obtained by infrared, 

in which product absorption is accounted for, is the same as the 

quantum yield obtained by reflectance spectroscopy, 0. 30+0. 02. Thus, 

it is shown that the quantum yield for the photoaquation of 
2+ 

fRh(NH )gJ in the zeolite is approximately 30X of that obtained in 

solution, where $ = 1. 06+0. 07. 

Wafers as thick as 40 um exhibited some discoloration on the back- 

side of the wafer due to the formation of product. The reaction 

followed by infrared were observed for the first 38-47 mole %%d con- 

version. After this time the reaction was driven to completion 

using multiple sources which were directed toward both sides of the 

wafer. These sources consisted of unfiltered ultraviolet and visible 

light. After 12 hours of additional radiation the mole %%d conversion 

increased to 95-98X. An accurate extent of conversion for the 

reflectance sample was impossible to measure since a similar radia- 

tion treatment resulted in no discoloration on the back side of the 

infinitely thick (61 um) wafer and infrared scattering prohibited 

an accurate measurement of its absorption spectrum. 
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Table V. Quantum Yields from the Photoaquati. on of [Rh(NH3)5I] + 
i. n Zeolite Y. 

Thiclcness a Env ir ourn en t 

A) Pseudo zero Order 

32 (3. 1) 
37c(4. 1) 
40 (4. 5) 
38 (4. 4) 

32 (3. 1) 
37 (4. 1) 
40 (4. 5) 
38 (4. 4) 

Air 
Air 
Air 
Vac 

B) First Order 

Ai. r 
Air 
Air 
Vac 

0. 20 
0. 22 
0. 25 
0. 17 

0. 20 
0. 19 
0. 18 
0. 13 

0. 22+0. 02 

0. 19+0. 01 

C) Surface Attenuation 

32 (3. 1) 
37c(4 1) 
40 (4. 5) 
38 (4. 4) 

Air 
Air 
Air 
Vac 

0. 28 
0. 32 
0. 36 
0. 29 

0. 32+0. 04 

61 (10. 2) 
61 (10. 2) 

D) Reflectance 
Aird 0. 30 
Aire 0. 32 

a, All the spectra run at room temperature, wafers were react- 
ed in the presence of air or in vacuo(P= 1 x 10 torr) b, Av- 
erage value for the various hydrated wafers. c, Obtained from 
interpolation (Figure XV). d, Using eq 54. e, Using eq 76. 
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Although the observed apparent quantum yield, -0. 30, in the 

solid is much less than that observed in solution, -1. 0, this value is 

by no means disappointingly small. On the contrary, considering the 

constraints inherent in this system the yield is fairly high. The 

absolute amount of light absorbed is uncertain for several reasons. 

Each treatment was based on the assumption that the wafers were 

infinitely thick. The wafers used in the infrared analysis were 

nearly "infinitely" thick, but the variation of quantum yield with 

thickness is evidence that some light was transmitted. This was 

shown by the apparent increase in the quantum yield for the pseudo- 

zeroth order and attenuation due to product models where increasing 

product concentration per square centimeter gave larger apparent 

quantum yields while the first order approximation showed only a 

slight decrease as the initial total concentraton and thickness 

increased. 

The assumption of infinite thickness was valid for the diffuse 

reflectance measurements. Unfortunately, the reflectance study suffers 

from the fact that the incident light intensity (for both reaction and 

reflection) could not be filtered, thus the formation of product may 

be due to the absorption of several different energy bands. Further, 

the calibration of the unfiltered source probably resulted in a 

higher apparent value for the intensity since ferrioxalate is sensitive 

to all light radiation between 250 nm and 500 nm. This problem may 

not be as serious as first imagined, however, since [Eh(NH )51] also 2+ 

has a considerable (though somewhat smaller) quantum yield between 17 

250-400 nm. 
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Other factors incorporated into this average apparent quantum 

yield are radiative and nonradiative deactivation processes on the 

65-66 molecular level. It is well established that the excited state 

leading to photoaquation has been. assigned to a d-d triplet, the 

same state which is responsible for phosphorescence. Phosphorescence 

65, 66 studies in methanol water glasses at 77 K have been reported 

and have been compared with proposed non-radiative processes both 66 

at the above temperature and in solution at 298 K. For that lumines- 

67 cence study performed at zoom temperature, it was observed that the 

luminescence lifetime was three orders of magnitude shorter at room 

temperature than at 77 K. The photozeaction which is known to occur at 

298 K was not observed at 77 K. The luminescence of adsorbed 

[Rh(NH ) Ij was not measured here but its lifetime would be expected 
2+ 

to be relatively short, by analogy. 
2+ 

A comparison of the perdeutero and perprotio [RhA5X] complexes, 

where X is Cl or Br at both 298 K and 77 K showed that the lifetime 

of the excited state was longer for the deutrated complexes, and 

in the study performed at 298 K i. t was observed that the quantum 

yields for the photoreaction was directly correlated to the excited 

lifetime. It appears from this isotope study that one of the main 

non-radiative deactivation pathways is through weak coupling of N-H 

stretching vibrations. 
16 In 1972, Kelly and Endicott found no variation of the quantum 

yield of the photoreaction when pezdeuterated rhodium complexes 

were irradiated. Although they acknowledge that non-radiative de- 

activation occurs through weak coupling of N-H stretching vibrations 
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at 77 K, they propose a strong coupling mechanism involving metal- 

ligand vibrations to explain the absence of an isotope effect at 

298 K. In any case, non-radiative deexcitation involves intersystem 

crossing which results in a vibrational excitation followed by thermal 

relaxation. In the present system the zeolite may act as a heat sink, 

accepting the vibrational energy as it drains off the relaxing 

rhodium complex. 

It is important to remember that all of these factors may play 

a role in determining the quantum yield of the adsorbed rhodium com- 

plex. These factors are difficult to separate, indeed there is still 
some question as to the nonradiative deactivation pathway for this 

66 complex in solution. Nevertheless, it is believed that there will, 

in general, be a deczease in quantum yield for reactions in the 

zeolite as compared with those in solution. 

It is apparent from the present study that the pseudo aero order 

approximation is only useful for small conversion which is precisely 

the region where the error in measuring the product concentration is 

large. The first order approximation is more useful in that results 

obtained at higher conversion can be used to obtain a more accurate 

measure of the concentration of product. Unfortunately, it is at 

higher conversion where source attenuation by the product becomes 

important. Source attenuation due to product absorption is adequately 

accounted for by assuming that the transmission of light through the 
-kx product skin decreases as e . The constant k is considered to be 

a combination of scattering and product absorption factors. As 

expected the value of k' determined was relatively constant (Table VI). 
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Table VI. Quantum Yield and Attenuation Constant for 
[1Vl(NH3)5?j + in Solid Zeolite loafers 

Thickness 
um 

k' 

32 
37 
40 
38a 

0. 28 
0. 32 
0. 36 
0. 29 

-6. 09 x 10 5 

-6. 04 x 105 
-2. 73 x 10 5 

-5. 33 x 105 
10'» -5. 05 x 105 b 

All wafers were hydrated except a, which was dehydrated as de- 
scribed in the text. b, Average value. 
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It should be remembered, however, that this treatment is an empirical 

one. 

Similarly, the Kubelka-Monk theory used to derive the quantum 

yield from reflectance data (eq 54) is also an empirical method. The 

scattering coefficient as defined by the Kubelka-Monk theory is not 

really separable from the other parameters; hence, the exact in- 

fluence of scattering is obtained via a slightly different route. The 

scattering is related, in a very real sense to the refractive index 

of the media as explained in the particle theory with regards to 

reflectance phenomena (see theory section). 

Despite large infrared scattering due to the zeolite support for 

wafers which are infinitely thick (&60 um), the use of infrared 

spectroscopy, especially in conjunction with visible, transmission and 

reflectance spectroscopies, will probably receive more attention 

in the future since it offers several advantages. These include the 

ability to detect very small amounts of reactants and products (on 

the order of 0. 02 umole and, in many instances to identify the 

reactants and products. Transmission infrared also offers the advan- 

tage of being able to observe the reaction in the interior of the 

wafer as well as at the surface. This allowed for the quantitative 

determination of product. 

One of the most appealing methods recently proposed to alleviate 

the problem of scattering for the purpose of studying photochemical 

reactions is based on immersing the solid in a liquid of similar 

refractive index. 
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Although the immersion technique is not new to spectroscopy, 

it probably was not until 1979 when some of the first quantitative 
21 analyses were done. 1'hus, if an inert solvent with a refractive 

index similar to that of the zeolite is introduced the quantum yield 

may be more accurately determined using infrared and visible trans- 

mission data. Many organic compounds fall within this range. 

If an appropriate solvent were found, many of the assumptions and 

approximations needed to account for scattering effects might be 

eliminated thus further work might seriously consider the use of 

some liquid. 

In a hypothetical example one may consider a zeolite catalyst 

which was capable of photolyzing water but in which conversion was 

low due to light scattering. If the solid could be immersed in a 

solution of similar refractive index the scattering problem would 

be eliminated. One possible solution would be an aqueous solution of 

sucrose (84-85X) which has a refractive index which is the same as 

many naturally occurring zeolites, ca. 1. 5. This type of solution 

would also be a constant source of the reactant, water which could 

easily be replaced as the reaction progressed. 

This is not to suggest that a sucrose solution would be the 

answer to the scattering problem. Still the idea of using some sort 

of aqueous/solute system is intriguing, 
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CONCLUSION 

Despite the theories thus far advanced to deal with the photo- 

physical and photochemical properties for the solid state, the deter- 

mination of an absolute quantum yield of solids remains difficult. 

The most significant problem is light scattering due to the relatiVe 

opacity of the solid or in the present case of the support. This 

scattering depends on the index of refraction of the solid, the 

particle size, and the molar absorptiviry of the absorbing moiety. 

Another problem is due to the rigidity of the support (or solid) 

which prevents or impedes the diffusion of the absorbing (reactive) 

species. This causes a concentration gradient which varies with depth 

into the sample. If the product absorbs significantly in the same 

region as the reactant, this will lead to an inner filter effect. 

In supported systems, non-radiative deactivation may involve 

the use of the support as a potential heat sink. Finally, if the 

chromophore is adsorbed on two or more different sites, the quantum 

yield could be dependent on the nature of these sites. 

It is important to keep in mind the assumptions and approximations 

that permitted an apparent quantum yield to be determined. These 

include: a) the powdered sample must be considered infinitly thi. ck; 

b) the particle size should be relatively large with respect to the 

wavelength of the incident radiation; c) the particles must be con- 

sidered ideal diffusers (i. e. , they scatter light in every direction 

with equal intensity; d) ad]acent particles are considered to have 

similar reflectance values during the reaction; e) the index of re- 

fraction remains constant during the reaction; and f) for adsorbed 
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species the chromophore is not attached to more than one type of site. 

The methods which appear to best describe the system are based on 

the attenuation due to product model, the continuous medium model 

(Kubelka-Honk theory) and the particle model. The quantum yield 

obtained in these cases, 0. 30 is only -30i of that obtained in solu- 

tion. Since approximations were made in every treatment, a less 

precise but possibly more accurate quantum yield representative of 

all these treatments would be 0. 26+0. 06. Nevertheless, this value 

is sufficient to prove that photochemical reactions can occur 

within the zeolite at a measurable rate. 



APPENDIX A 

The remission function may be derived as follows. The necessary 

equations include: 

dI/dx -(k'+s)I+sJ 

dJ/dx = (k'+s)J-sI 

(1A) 

(2A) 

and R J/I (3A) 

the derivative of eq 3A with respect to x is: 

dR/dx I(dJ/dx - J(dI/dx) 
I2 

(4A) 

Substituting equations 1A and 2A into 4A yields: 

dR/dx I[(k'+s)J-sI — J[- k'+s)I+sJ 
I2 

(5A) 

Performing the division and collecting the terms gives 

2(kr+s)J J 
dR/dx = I s s 

2 
(6A) 

this derivative will go to zero as x goes to , and after recalling 

eq 3A one gets: 
2 2(k'+s)R - s — R = 0 (7A) 

The solution proceeds from here as follows: 

2k'R = s-2sR+sR 2 

2 sk'R = s(1-2R+R ) 

k ' (I-R) 
s 2R 

(SA) 

where 8A is the remission function. 



86 

APPENDIX B 

KJELDAHL DETERMINATION OF AMMONIUM ION 

This method is useful in general for the determination of 
+ nitrogen in the form NH or NH4 . Compounds containing oxidized forms 

of nitrogen must first be reduced if this type of analysis is to be 

performed. Bound amine or coordinated ammine ligands must first be 

liberated by the action of a strong acid, In the present case the 

+ nitrogen is already present as NH and the method proceeds as 

follows. 

1) Set up a distillation apparatus as shown (Figure 19). 

2) Place "50 ml of 0. 4 M H BO (an excess) in the receiving flask 
3 3 

and make sure that the tip of the adapter reaches below the surface 

of the solution. 

3) Place 0. 5 to 0. 7 g of zeolite (corresponding to 0. 92 wt 

NH4 ) in the 300 mL round bottom flask. Add 75 mL H 0 and a stir bar. + 
2 

4) Connect distillation apparatus together making sure it is 

leak free. 

5) Place a saturated solution of NaOH 75 mL (42 g/100 mL) in 

the addition funnel. 

6) Stir and heat until solution reaches a gentle boil. 

Read steps 7 through 11 before proceeding fu-ther. 

7) Begin dropping in concentrated NaOH; the ammonia formed will 

react with the H BO in solution and begin to draw this solution up 

the condenser. 

8) adjust the bleeder clamp to keep the boric acid solut on only 

in the adapter. Avoid boiling caused by too much suction. 



Qo- 

Figure 19. Distillation apparatus: (a) to Aspirator; (b) vent; (c) 
glass tubing should extend into the boric acid solution; (d) magnetic 

stirrer/heating mantle. 
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9. After -70 mL of NaOH has been added close off the addition 

funnel and allow the reaction to continue. 

10. Avs NH formation drops» the pressure of the system will in- 

crease and the amount of suction may be reduced gradually until the 

liquid (water) begins to distill over. 

11. At this point the aspiration should be small or in some 

cases unnecessary. 

12. Distill -30 ml of water to collect all the ammonia that may 

have dissolved in the water vapor clinging to the walls of the 

condenser. (During this time the zeolite should dissolve almost 

completely). 

13. Open the addition funnel to release the pressure on the "pot" 

side first, then disconnect the aspirator and turn off the heater. 

14. Disconnect the boric acid solution tlask and rinse off the 

adaptor with distilled deionized water. Collect this wash in the 

boric acid flask. 

Titration 

15. Add 10 drops of mixed indicator methyl red bromocresol 

green (0. 1/ of each in 50X ethanol/water solution) into the 

collection flask. The solution should be blue-green. 

16. Titrate with standard 0. 01 M hydrochloric acid to a pale 

pink endpoint. 

17. Calculate the amount of ammonium ion in the zeolite. 

Repeat with a blanic. 
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