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Optical spectral method3 are being ever increasint:ly used in inves— /387
tigatiDns of adsorption and catalysis where objects characterized by
strong light scattering are encountered /1,2/. Among these objects are .
disperse powders of solid substances having a particle Eize of lC—250~~~ , 

1~~
on whose surface molecules are adsorbed.

The adsorp t ion  of molecules , the for~~i t ion of tr~r.~ ition compounds
and end products as the re~u1t of a heterogeneous cat~~ytic reaction are
man i fest ed in opt ical elect ron spectra ~;Lich reflect the state of the
outer electrons of the molecules and ato:-.s ~nd cortairh valuable informa-
tion on the mechanism of processes acting on the surface. 

~~~~~~~~~

Sone valuable information on the character of the local interaction
of molecules with active centers of the surface of adsorbents or catalysts
can be garnere d fro m the absorption spectra of adsorbed molecules in the
200—1000 nm region.

To clarify the meaning of the information , we shall examine some char-
acteristics of the interaction of molecules with the surface of a solid
body and of the light absorption by adsorbed molecules.

Molecules on the Surface of a Solid Body. In actuali ty the case often
occurs where molecules from the gaseous phase strike the surface of a solid
body, remain on the surf ace in the state of physical adsorption throughout
the life span of the adsorbed state, and then , as the result of dcsorption ,
again escape into the surrounding voluae. The state of physical adsorpt ion
correspond s to this state of th e mo lecule when its electron shell retains
its individuality, experiencing only negligible dinturhance in the surface /588
force f ield , and the distance between the surface and the atom of the mole-
cule closest to it is comparab~e to the distance between the clc~cst atoms
of adjacent molecules in liquids. In such cases the interaction of mole—

• cub s with the surface is described by a potential energy curve similar to
• curve 1 in  f ig.  1, where the adsor pt ion en~-~~;y Ea i~ severa l kilocalories

per mole.

Tue action of t u e  force field of the surfrce cn t~ic electron sL :il of
the adsorbed molecu) results i n  a change of the relt~t~ ’.’e di~ t -~~rc bet;:cen
the er ~r r ~ v l e v o i n  • .~f ~ ra~,lecule as cc~ ’:~i-ed ‘.;i Ui t IL g~ineou~ ~,t~t t e. 1f
in the ga~~ous ~;to~.e a molecule absorbs a )i~ ht qua!lt~~ hv a~ ’ 

then in the
adsorption state it , as a rule , absorbs a ii j~ht qu~in in: ;  
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t~~r~ in:t (; inary curve of the p o te n t ia l  encrg~ for  n molecule in the exci ted
~ t r ~te (curve  1’ in f i g. 1) d i f f e r s  fro~ the cu r v e  of  the ~o te nt i a l  enc-rgy
f o r  a molecule in the base st a t e  ar id :~a / ~~~~ , r / r~. ~i~e interact ion
øf th e molecule w i t h  the surface fz ic i l it a te s  tL~ was~ ir~ aw ay of the
vibrational structure of the, electron bands in the adsorp t ion spectra of
u’~sor bed n~ lecules . As a resul t , i t bccoaes ::~ire s im i l a r  to the abzorp—
t ion  spectra of solutions than to ti c- absorption spectra of the vapors
of the molecules under study /3,4/ .

U

.

~~ 
~~2 600 o~’O )..l~w

Yi~ . 1. Potent ia l  energy curves Fig. 2. ~‘iffcrcr. t i~~l spectra of
(u) :  1—adsorp tion of molecule in di f fuse  ref lec t ior~ measured af ter
base state; li—same in excited benziciinc adsor::tio~ . 1—inactive
state; ~a,~ a~—adsorption energy ; silica gel; 2—active aluzosilica
r0,r~

*_equidistance of molecule gel.
f rom surface. 

-

In the physical adsorpt ion state the mol ecules can d isp]ace along
the surfacr ~two—dimensional gas), thereby overcoming, the relatively low

• potential barrier between adsorption centers due to the heat energy of
• 

. motion . Thanks to this, the molecules can encounte r “active” adsorption
centers which can be foreign extr insic  atoms in a la t t ice , defec~ s , and
so on. And as a result of contact with  them go into the chemi cal adsorp-
tion state ( cheuosorption), when the adsorption energy is seveial tens of /389
kilocabo ries per mole , and the distance between the surface an~ the atom
of the molecule closest to it is comparable to the distance between atoms
in the same molecule.

As the result of the interaction with the active centers the bonds
betw een ~:tons in a molecule can chasge subs tan t ia l ly ,  break do~:n , or form
r.~~ osca, including ones with the surface ato~... I:. uucl . c~.cs c~mpoundcof the molecular type arc formed that can d i f f e r  considerab 1~’ f rom the
ir.i t ial  molecules and have i ts  own individua)  absorution sp ectrum (fig. 2).

On the basis of what has been ;~re~ ent ed the f~ l iowin ~ independent
problems nay be ident if ied : invest igat i~ n of i ,~l~’~;uh s ~~ the physical

2

-

-~ 
p—--— ._ , .~a’ -



adnor ; t ion s tate  (detcrmin~ t ion of the abs6rpt ion band sh i f t  and change
in v a l u e  of molecular  ab sorpt ion coefficien t , caused by act ion on the
molecules  of surface force f ie l d ) ;  stud y of the products  having a pro—
four ~i molecular  t r an sformat ion  ( meaburen ent of their absorption spectra ,
determination of character of those profound changes and transformations
on basin of spectrum that have occurred w i t h  the molecule as the result
of contact  w i t h  act ive centers of surface ; ascer ta ining the nature  of
the active centLrs causing specific transformations of the molecules).

It  follows from this tha t together wi th  deter :~in ing the numerica~l
values of the mo~ecular coefficient of absorption of the adsorbed mole-
cules the qualitative form of the spectra ka s (~~

) assumes great im—
port~ x c ~~,~

’u a k i e g  i t  possible on the basis of the itorri of the spectral
curvc s to establ ish  the nature of the products of profound molecular
change. ~‘.ost authors using spectral methods in investigations of ad—
sorpti3n and catalysis are currently restricting themselves to the last /390
named problem. . • 

-

The molecular coefficient of absor!tion of adsorbed molecules k d
has the same physical sense as k for molecules in a solution. If fo~ 

~
solutions the sjectral relationship k(~~) is found comparatively easily
by measuring trans~iission T>~ = 1/10 an~~~ alcuiating k ?~ by means of the
Bouguer—J~ cuert—~.eiir law: T = I/ I =e (k is the molecular

2
coefficient

of absorption , n is the number of Rbsorbing molecules in 1 cm of solu-
tion , 1 is the thickness of the absorbing layer), then in the case of ad—
s~ rhc~ rDleculec the problem of obtaining the spectral relationship k 

~ 
(?~)

is greatly comp licated by light scattering in the specimen. Therefor~
_S

instead of measuring the transmission spectrum T(�~) the diffuse reflection• spectrum i~~~) is measured; it contains information on light absorption by
adsorbed molecules.

It is most desirable to use the so—ealleä “nenjinfinite” bight—scat-
tering layer , i. e., limited on the illul Linated side by-a plane arid of
.suffieient thickness and extent as to disregard the light passing through

• and sideways. We shall distinguish the spectra of diffuse reflection from
the “seniinfinite” layer: absolute R(~~), relative R(’~), and differential
R (t’~) representing the spectral dependence cf the value of the corresponding• coefficients of diffuse reflection on wavelength.

The absolut e coeff icient of diffuse reflection R is the ratio of the
diffusely scattered light flux to the incident. In the case of monochro—

~atic light illt’~.in ~ tion we shall examine }-~~ as the ratio of the photon
number ? departing from the outside surface 0r the layer  wit }:~ r the l imi ts
of ~he e~ t.ernai h~ si s1’Lere to the photon r ui:.ber N0 ~: , J O e  t ing fr~’ outsid’—
on the out side surf ace of the layer per un i t  of t i~:o : ~~ No! .

in the case .-h’rc the diffusely rcf]ectc~ light flux is sot compared
to the incident t i g h t  flux , hut rather to t h e  d i f fu ~- -~ y reflected by an—
other  s~ cciuon , for  cx~ mple , by a cor .iparii~on standari~ we then refer to a’

3



re lat ive  c ;efuic’ient of d i f fuse  ref lect ion J~, since the magni tude  and
spec tr al cL~ r a ct er i st i c  of the l a t t e r  depe n ds on the select ion of the
comparisor~ standard . In the case of monochromatic illumination we shall
assume t~.at R No/?:o• stand

The differenti~ l spectr~zm of diffuse reflection R(~~ is a particu-
lar case of the relative spectrum of d i f fuse  ref lect ion , of ten used in the
study of the absorption spectra of adsorbed molecule3 . In this case the
ad sor bent i tself  w i thout the adsorbed molecules is used as the comparison
standard .

A d s o r b e n t— N u l tj i a t h  Tray Light— I~eflect ing Layer. To show even m ore
graphically how light absorption by adsorbed molecules manifests itself /391
in the dif ferent ial spec tra of diffuse ref lect ion , we shall use the con-
cept of “semiinfinite ” light—scattering layers of adsorbent without ad-
sorbed molecules in the form of a “nultipath tray.”

Let us imagine that a monochromat±c light beam strikes the outside
surface of a layer. Light of a given wavelength is not absorbed by the
substance of th e adsorbent (~= 0) and No is equal to the number of photons
tha t are di f fus ely reflected by the layer per unit of time within the limits
of the external hemisphere. No includes photons that a~re ~ubject to a defi—• nite statistical function of distribution along the path~~

t
~hsed by a photon

• in the light—scattering layer before exiting outsid~ . If this function is
known , ~c can be presented in the form of the sum ~~LN ., where the f irst
terrn /~N1 equals the number of photons that r~ass in the Thyer a path havinga length frost 0 to d apiece , the second term is the number of photons
whose path length is from d to 2d , the third thrm4Nr3 —— from 2d to 3d ,
and so fo r th , where d is some select ed length segment.

Now it is possible to build an optical model of the ).ight—scattering
layer in the fo rm of a set of elementary optically transparent trays of
different length having the dimensions : dxdx-~-d , dxdx~ dxdx4d , dx dx~-d , ...,F through wh ich~~N01, /\N , ~AN0 , 

L i N04, ... the number of - photons per time
.un it pass (the number ~~ elem~ntary trays depends on the selection of d).

Let us now assume that the adsorp tion of the substance under study has
occurred. When there are small concentrations of adsorbed substances, the
molecules can deploy in the surf ace at grea t distances from each othe r ,
thereby making it possible to disregard light scat tering by the adsorbed
substance, and to consider only absorption , and to use the model of the
“multiprtth tray ” for calculat ions using the fo rmula

• 
~~~• 

~~~~~~~~~~~~~~~~ ( I )

~~~~ n i~ (he number of adsorbed molecules in 1 cm ’ of the light-scat tering
D~ecuum , given a uniform distribution inside the layer , i~ is the length of~
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the clen -rtary tray : = (i —

Ponitio~1 of Nax ir~n of Absorption Bands of’ Adsorbed flolecules in /392
spectra of iiffuse heflection . The. absorp tion of light by adsorbed
molecule~ m a n i f e s t s  itself in the spectra of diffuse reflection dif-
ferently s~-~ ending on the concent rat ion  of adsorbed substance /5/.
When tL-s~ are s~a1] concentra t~ ons , when it is possible to disregard
the su~iule~; cnta1 li ght s ca t t e r ing  in the sasslo caused by the presence
of the adsorbed r h t s c , it is natural  to exp ect  that the minima in the
spectral curves ~(~~) will be found at the same values of~ •as are the
maxir-~o in the s~~ct ra of k

d (~~). 
In reality, this is not always so.

In practice , the differential method ~n often used employing two
similar trays fifled ‘dith adsorbent. In one of them the adsorption
takes slace , while the other serves for comparison in spectrophotometry .
Before the adsorpti~ n of the molecules , for checking purposes the com-
parison s~ectrum is measured. On the graph it appears as a straight
line poralbel to the wave length axis , since similar light—scattering
layers of the adsorbent studied can be examined as two identical “multi—
path trays.”

It mus t be noted however that the comparison spectrum does not
reflect those changes that the “multipath tray” undergoes itself with
change in the wavelength of the incident light , thanks to the change
of the sc~ ttering arid absorption capability of the adsorbent sample.

• The “.-~i l~ ip~th  tray” will inevitably spontaneously become deformed
due to change both in the No number as well. as the distribution function
No alor.g the path length passed by the photon in the light—scattering
layer , for example , in moving to a region of the spectrum where the ab-
sorbent itself begins to absorb light notably. To these effects may be
added the circumstance when measuring spectra of adsorbed molecules ,- it
is easy to u n d er s t an d  in the example of the differential spectra of trans-
mission of solutions , having assumed that the optical length of both trays ,
with the soiution and solvent , is synchronously changed by- an uncontrolled
specimen when scanning the spectrum.

We shall examine two cases : i) a “multipath tray” retains its dimnen—
siono and form during spoctrur. scanning , 2) a “nult~ ;t ’ tt tray” deforms

• during spectrum schnning. In measurements of ~~~ in the visible range,the first r ’nso cam he practi caily realised if op tical glass powJer is used
as adsorbent , and the second case can be if colored glass is used as ad-
sorbent.

i’j~ . 3 pr cnts differential spcctra of diffuse reflection measured
aih c. r the ndsor~ t i a :  of Nd 207 in optical glass an d colored glass p owders /393
in  the 7 11_740 ma r: ri •~e whär~ ~~~~ has three nb so l - !t i on  maxim a.  

- 
In the

f i rs t cr.~ e (curve 1, r ig . 3) the r~ sition of the minima in the ~( \ )  s c ~ ru~i ,
in the ne~~~iJ cane (curve P), this eorrcs;c)n (.nce is broken. Curve 3, }‘i~:. ~~ ,

~~ :: ( ,c i.~1~ t ~~ ~~~~~~~~ ~ t~~ tj ~~ to ti~ inevi table  deformation of the
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Fig. 3. Spectra of Diffuse Fig. 4. ?‘(h) as a Function of
h eflection: 1—differential: Concentration of ~~~~C;.,. on A 12

0
Nd9O~ in optical glass; 2— Surface. ‘ -

di~’f~renti’l : Id 2O~ in coloredglass; 3—re]ative:1 colored
glass pouci c-r rclative to optical
glass poader.

On the }~ortt ~m M ethod.  The Rozenberg setnod of deter: :.~ r~in g  the physi-
cal aaraaeters  of the sub stance of a l igh t—sca t te r ing  me:~ iu-:, , based on the
use of the t ransfer  eour~tj  /~/ , n i ~~st he c.onn i  e~-~~ the L e n t feund ~~d f r o :~
the point of view of the theory of li~ :ht propagation in an optically in—
homogeneous s,ediur- . 1~owever , the ~ort~a method is ‘a t t r ac t ing  the a t t en t i on
of exp er i-ente r s  by v i r tue  of i ts  s imp l i c i t y . The. method is based on the
use of the durevj ch— hLbe lka—~ uI~k function :

( l - R ) ~ (2)

(R is the absolute coeff ic ient  of d i f fuse  i~oflect ion , “ and ~ are the ab-
sorption ~~~ scatterinl  constants respectively ) for ~uantitative photometric
analysis analogous to the Bouguer—Lamsbcrt—Behr law ~7/. } ort~ m believes it
possible in  formula (2) to rep lace the absorpt ion constant ~c by 2.3. C , where
~ is ti m e molar  coef ficient  of’ ext inc t ion  and C is the molar concentrat ion.

Assuming that  2.3 C kn , (2 )  can. be wri t ten in the form

F( R )  ( 1 —  r ) 2 2~~~C ~ n (3)

The coy- r ’c t nr s s  ci: tL~ hort~~- r~~thod rni~ -~r ~iouht because in formula ( 2 ) ,
wL~ ch was o t a ~ sod th r ou : . h the uSe of “ tw o—f ~ u\ ” approximat ion , the replace-
ment of 

~~
- 1~~ 2.5~ C is incor rect .  ?~onet }mele3s , z. ort th n and associates reicatedl~,re f 6r  to tie l in e or  dc- i ~k n ~ i of F(h) on C ni \ (  a const an l  ~ and ~i for  snail

cc~seunt rat  i~~n s of adnort-ed ~~~~~~~~ n .  Thin w~~ confi rmed in their  works by • /394
e~~per ir : .ent . n l  cimeck. Pc’.-i~ ti ;n:: fr- :.. 1i :.r do H c~n~’c obse rved i n s H e  cnscs
%d “re th o ’c re ::.al 1 O c n C c - 5  t r at i  :.‘mm. ~ of ndn~ :-~nd substanc e they ascribe i.e

• SLrn :t~ .. .~~~~~~~~~~~~~~
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side e f f e c t f - , t ’n;~ecially those caused by a~ s o c i n t i v e  or dissociat ive
Processes in th e  surface.

Proceeding fros the concept of~ a ligh t — sc a t t e r i n g  layer in the form
of a “multipath tray ,” we assume that F(i~) as a function of C can in prin-
ci ple not be linear in cases of small concentrations of adsorbed substance
(see formulas C i )  and (3)). -

For an expe r i m en ta l  c~teek of the character of the dependence of F( }~)
on C we used nitrates of rare earth elements as adsorbents. Absorptipn
bands i~. the spc-ctra of rare earth ions are caused by transitions between
4f levels of electrons screened by the outer shells. As a result the case
of ti.e weak field is realized in such a degree that the spectra of ions in
the crystals are close to the spectra of free ions /o/. ‘f h amd-:s to this ,
it is possible to disregard change in ~~- due to dissociative or associative
processes. Fig. 4 presents F(~~) as a function of the concentration of

to Al 2cj7 derived as the result of measurements of i-~ in the maxi—
a~m of ~he absor~ tion band when \ = 579 na. In this region of’ the spectrum
Al 22~ cf-n be viewed as a nonabsorbing standard that , according to KortUm ,
peraf~s the use of R instead of R in formula (3). The concen tration of
2— l O s moie/g corresporict s to this surface coating , when an average of
160 A is r eouire o  for  one molecule of’ -N d( ~~O~~) . Thus , as nay be seen in
Fig. 4 , the l inear dependence of F( R )  on C id ~ot observed , wh en the amount
of ndoox-Led molecules is still insufficient for a nonomoleculnr coat ng of
the entire surface of the adsorbent. The transition from F~d) to i-(k) by
the a:~~ronr iate  scaling does not lead to a l inear dep ende nc e  of F~h) on C , /~y~the general v iew of’ which , desp ite expectat ions /9/, remains sinilar to
that  presented in Fig. 4.

In conclusion it must again be emphasized that everything that has
been said above refers to the particular case where the degree of adsorbent
surface covering by molecules is so small that it is possible to ignore
light scattering by the adsorbed substance. - In those cases where the ad—
.corbcd phase itself creates a supplemental optical inhomogeneity in the
light—scattering layer as, for example , in the case of capillary condensa-
tion , it is impossible to ignore light scattering by the adsorbed phase
just as it is impossible to use the model of the “multipath tray ’ described
above. In such cases the problem of obtaining inforniation on the absorp-
tion spectra of adsorbed substance from the spectra of diffuse reflection
is greatly complicated. • • - -
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