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A study of the behavior of o-nitrophenol adsorbed on alkaline earth oxides has 
revealed displacements of the wavelength maxima in the visible diffuse reflectance 
spectra of the two component systems. The shifts, which are bathochromic in order 
of increasing size of cation, beryllium providing an exception, are interpreted in terms 
of polarization theory. Moisture contamination studies show enhancement of batho- 
chromic shifts upon progressive elimination of adsorbed water molecules in compe- 
tition with the phenol for active adsorbent sites. 

Recent studies on two-component solid 
systems prepared by mixing or grinding in 
the dry state various organic and inorganic 
species with an active adsorbent have re- 
vealed, upon interaction, spectral changes in 
the visible diffuse reflectance spectra of 
the optically absorbing species (1-8). The 
changes arising as a result of the adsorption 
or spreading upon the surface of the adsorb- 
ent are detected spectrally by an increase in 
intensity of an absorption peak which may 
be accompanied by displacements of its 
wavelength maximum. Visually, the solid 
system undergoes a color change or an in- 
crease in intensity of the original color. 

Attempts have been made to explain the 
spectral changes in terms of the polarization 
theory (I, 9) which has been employed suc- 
cessfully for the interpretation of shifts 
occurring in transmittance spectra of liquid 
systems through solute-solvent interaction. 

Kortiim and Vogel (10) in a study of the 
spectral behavior of colorless malachite 
green-o-carbonic acid lactone, which turns 
blue upon spreading on the surface of a 
series of alkali metal halides, found that 
the intensity of the blue color varied in- 
versely with the size of the cation (nuclear 
charge) in the order Li+ > Na+ > K+ > Cs+. 
Shifts, however, in the wavelength maxima 
were not considered significant. In contrast 

to these findings, Zeitlin and co-workers 
(8), in a study of the color changes occur- 
ring in the mononitrophenols adsorbed on 
the alkali metal carbonates, have reported 
that intensification of color was accompa- 
nied by sizeable displacement of the wave- 
length maxima varying regularly with the 
size of the cation in the order, Li+ < Na+ < 
K’. 

In light of the foregoing, it seemd perti- 
nent to extend the examination of the spec- 
tral behavior of o-nitrophenol when mixed 
with a series of alkaline earth oxides and 
to include a study of the role of moisture 
contamination which, as shown by Kortiim 
(1, 10, 11), is able to cause modification 
of reflectance spectra. 

EXPERIMENTAL 

The chemicals used were from the follow- 
ing sources : beryllium oxide, anhydrous, 
purified grade, Fisher Sci. Co. ; magnesium 
oxide, reagent grade, Baker Chem. Co. ; 
calcium oxide, reagent grade, Baker Chem. 
Co. ; strontium oxide, anhydrous, purified 
grade, Fisher Sci. Co. ; barium oxide, anhy- 
drous, purified grade, Fisher Sci. Co. ; o- 
nitrophenol, reagent grade, Eastman Kodak 
Co. The o-nitrophenol was recrystallized 
several times until its melting point indi- 
cated satisfactory purity. The alkaline 
earth oxides of Be, Mg, Ca, Sr, and Ba used 
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as adsorbents were ground for approxi- 
mately 15 min in an agate mortar to 
achieve a fine state of subdivision which 
results in sharper absorption peaks in the 
reflectance spectra. Following grinding the 
adsorbents were sieved through fine mesh 
screens and powders of 100 to 140 mesh 
were retained for use. Tests with powders 
of this particle size range revealed no 
anomalies in the form of spurious peaks in 
the reflectance spectra. Separate samples of 
the pure adsorbent were dried carefully at 
temperatures of 200°C 6OO”C, and 1000°C 
in order to evaluate the effect of moisture 
on the systems to be examined. Additional 
samples were obtained in an “air dry” 
state by allowing them to be exposed to 
ambient temperatures and humidity. 

Samples of preheated adsorbent ranging 
in weight from 1 to 4 g depending upon the 
oxide were transferred without delay to a 
vacuum desiccator containing P,O, evacu- 
ated to cu. 1 mm Hg. The desiccator con- 
taining the adsorbent, o-nitrophenol, and 
the predried equipment required to prepare 
the samples were transferred to a dry box 
which was dried by dynamic adsorption 
through activated silica gel for 12 hr. This 
procedure minimized atmospheric moisture 
although the absolute exclusion of moisture 
is extremely difficult and was probably not 
completely achieved in this study. 

In the dry box quantities between 10 and 
20 mg of the o-nitrophenol were mixed 
thoroughly with each of the adsorbents in 
a mortar for about 1 min to attain uniform 
distribution of the two ,components. The 
completeness of the interaction between 
o-nitrophenol and adsorbent was examined 
by mixing the two components thoroughly 
as described and measuring the reflectance 
spectrum of the system over a period of 
time up to a maximum of several days. 
Interaction was extremely rapid, as shown 
by color change and spreading of the o- 
nitrophenol over the surface of the adsorb- 
ent and appeared to be complete in 5 to 10 
min. Spectrally the major change observed 
was a gradual decrease in reflectance 
(increase in absorbance) until a constant 
value, not altered materially with time, was 
attained. However, of greater significance 

to t,his study was the observation that dur- 
ing the a-day period, there was no detect- 
able change in the positions of the minima 
and maxima of the absorption peaks. In 
light of this preliminary work it was de- 
cided to measure the spectra of the systems 
in all subsequent experiments after 1 hr of 
interaction, upon the premise that equilib- 
rium had been attained for all practical 
purposes by this time. While in the dry box 
the powder was packed into a special cell 
described by Barnes and co-workers (12) 
in which the edges of the aluminum 
planchet were coated with silicone grease. 

The diffuse reflectance spectra (350-750 
rnp) were measured with an automatic re- 
cording DK-2 Beckman spectrophotometer 
equipped with the standard reflectance at- 
tachment. A Beckman standard reference 
MgO plate served as the reference standard 
blank. Adsorbent blanks were investigated 
by measuring the reflectance spectra (350- 
750 rnp) of all pure adsorbents (100-140 
mesh) against the MgO reference standard. 
The spectra obtained were smooth, gradu- 
ally declining curves from long to short 
wavelengths without any characteristic 
minima or maxima. In addition, the spectra 
of o-nitrophenol adsorbed on each of the 
alkaline earth oxide adsorbents determined 
with use of the MgO plate were compared 
with those obtained with the same samples 
using the respective pure adsorbents as ref- 
erence standards. The comparison showed 
that the use of the pure adsorbent in place 
of the MgO plate had no detectable effect 
on the position of the reflectance minima. 
Approximately 1 min was required for the 
recording of the spectrum. Time recording 
tests with sample systems carried out pre- 
viously showed that practically no water 
was picked up during the brief recording 
interval. Reproducibility was studied by 
measuring four replicates under similar 
conditions. Deviations were reproducible 
with a maximum uncertainty of &3 rnp. 

The reflectance spectra of the preheated 
samples were measured again following ex- 
posure to the atmosphere for 24 hr in order 
to compare them with those obtained from 
similar systems in which the adsorbents had 
been “air dried.” 
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FIG. 1. The reflectance spectra of o-nitrophenol adsorbed on alkaline earth oxides measured in the 
“air-dry” state: A, on BeO; B, on MgO; C, on CaO ; D, on SrO; E, on BaO. 

Transmittance spectra were recorded with TABLE 1 
the DK-2 Beckman spectrophotometer in WAVELENGTH MAXIMA (mp) OF THE REFLECTANCE 

l-cm matched quartz cells. SPECTRA OF 0-NITROPHENOL ADSORBED ON 
ALKALINE EARTH OXIDES 

DISCUSSION 
Oxide "Air-dry" 200°C 600°C' 1ooo”C” 

Figures l-4 give typical graphs obtained 
from solid systems measured at equilibrium Be0 416 + 2 434 f 3 440 + 3 444 + 3 

in which per cent reflectance (R) is plotted hilg0 420 5 2 420 + 2 427 f 2 428 f 3 

versus wavelength. Table 1 contains wave- CaO 424 rt 2 426 f 2 428 + 3 430 + 3 

length absorption maxima of the diffuse 
SrO 434 21 2 440 k 2 452 & 2 ca. 454 

- 
reflectance spectra of o-nitrophenol ad- 

BaO 440 + 2 447 f 2 458 k 3 

sorbed on alkaline earth oxides measured at o Temperature at which adsorbent is preheated 
equilibrium under various conditions. Table and allowed to cool before mixing with phenol. 
2 contains a compilation of transmittance 
data on absorption maxima measured in 
various solvents. 

however, associated with the application of 

The technique of spectral reflectance is 
particularly useful in the study of chemical 
phenomena occurring on solid surfaces (I- 
11) . The inherent experimental difficulties, 

this tool to solid systems, which are imposed 
by the need for rigid control of moisture 
and allied variables, are formidable. The 
present status of this area of research is 
such that it8 is exceedingly difficult to gather 
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FIG. 2. The reflectance spectra of o-nitrophenol adsorbed on alkaline earth oxides preheated to 200°C: 
A, on BeO; B, on MgO; C, on CaO; D, on SrO; E, on BaO. 

valid quantitative data of the kind avail- 
able in transmittance spectroscopy. Conse- 
quently, the discussion below is necessarily 
qualitative in nature with the hope that 
improved instrumentation and techniques 
will make possible a quantitative treatment 
of these phenomena. 

A comparison of the values (Table 2) 
for the absorption peaks in the two neutral 
solvents, benzene and ether, with those in 

the basic solvents shows the shifts which 
result through the formation of the o-nitro- 
phenoxide anion in the latter solvents. The 
corresponding peaks at lower wavelengths 
in the two neutral solvents are ascribed to 
the presence of the undissociated acid spe- 
cies which upon conversion to the phenoxide 
should be expected to absorb at consider- 
ably longer wavelengths, a conclusion con- 
firmed by the data. The results also show 

TABLE 2 
WAVE~NGTH MAXIMA OF THE TRANSMITTANCE SPECTRA OF 0-NITROPHENOL IN VARIOUS SOLVENTS 

Solvent Molar concentration 
wavelength (md of 
absorption maximum 

Benzene 3.81 X lo-& 354 
Ether 3.48 x 10-h 338 
Saturated calcium hydroxide 2.88 x 10-s 416 
Saturated barium hydroxide 4.42 X 1O-6 417 
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FIG. 3. The reflectance spectra of o-nitrophenol adsorbed on alkaline earth oxides preheated to 600°C : 
A, on BeO; B, on MgO; C, on CaO; D, on SrO; E, on BaO. 
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that the transmittance spectrum of the 
phenol is similar in solutions of the two 
alkaline earth hydroxides tested. This spec- 
trum is also identiaal with those which were 
obtained previously for o-nitrophenol dis- 
solved in an aqueous solution of lithium, 
sodium, and potassium carbonate (8). It is 
concluded that the five cations concerned 
exert no experimentally detectable differ- 
entiating influence on the phenoxide ion 
in solution. The cations apparently are 
shielded effectively by hydration so that 
they are not able to impose an appreciable 
polarizing effect on the anion by means of 
their nuclear charges. Moreover, hydration 
of the phenoxide anion and mobility in solu- 
tion of both cationic and anionic species 
contribute to the same end. The situation 
is quite different in the solid state. 

Reflectance spectra (Figs. 14) and data 

(Tables 1,2) reveal bathochromic displace- 
ments in going from transmittance to reflect- 
ance, a shift which has been reported by a 
number of investigators (13-X). An exami- 
nation of the values for the phenol adsorbed 
on the alkaline earth oxides again shows a 
bathochromic shift, regular in nature, in the 
order BaO > SrO > CaO > MgO > BeO. 
The beryllium salt, however, falls in the 
expected order only in the “air dry” state 
and deviates in the other systems (Table 1). 
The following interpretation is advanced to 
account for the effect of the cations on the 
phenol in the adsorbed state. When the 
alkaline earths are arranged in the order of 
increasing cationic size, i.e. Be through Ba, 
the effective nuclear charge decreases in 
this order due to increased screening by ad- 
ditional electron levels. The cation in the 
crystal lattice of the adsorbent exerts a 
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FIG. 4. The reflectance spectra of o-nitrophenol adsorbed on alkaline earth oxides preheated to 1000°C. 
A, on BeO; B, on MgO; C, on CaO; D, on SrO. 

polarizing action on the phenol which is fol- 
lowed forthwith by adsorption on the sur- 
face of the adsorbent, presumably as a 
result of a Lewis acid-base type of interac- 
tion. The polarizing effect of the alkaline 
earth cations on the highly nonlocalized pi 
bond system of the phenol should then 
increase in the expected order of Ba2+ < 
SF+ < CaZ+ < Mg” < Be’+, with the effec- 
tive nuclear charge increasing accordingly. 
Such a polarization should result in a par- 
tial freezing or localization of the electron 
cloud of the phenol in the series studied, 
rendering electronic excitation more difficult 
and thereby accounting for the regular shift 
of the absorption peaks toward the more 
energetic shorter wavelengths. 

The bathochromic displacements observed 
upon going from transmittance to reflect- 
ance (Tables 1, 2) are more difficult to 

interpret on the basis of the argument pre- 
sented above. In aqueous solution electronic 
delocalization in all probability is at a 
maximum since the phenoxide ion is pro- 
tected by hydration, and excitation energy 
is at a minimum. The anion on the other 
hand, upon being subjected to a solid ionic 
environment with subsequent localization, 
should result in an increase of excitation 
energy and a hypsochromic shift to wave- 
lengths less than 417 mp. The experimental 
evidence to the effect that bathochromic 
shifts do occur implies, instead, that delo- 
calization takes place as a result of adsorp- 
tion and interaction between the anion and 
cation of adsorbent. There exists the possi- 
bility that the increased delocalization indi- 
cated as compared to that in solution arises 
through a molecular orbital overlap between 
the phenoxide anion and the active site on 
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the adsorbent, accounting for the shifts to 
the longer wavelengths. It is also possible, 
of course, that other factors not yet taken 
into account may be involved and be 
responsible to a major degree for this 
phenomenon. 

The results with the various oxides are in 
agreement with a similar trend reported 
recently for the three mononitrophenols 
adsorbed on lithium, sodium, and potassium 
carbonate (8). Bathochromic shifts took 
place in each case in the order K,CO, > 
Na&O, > Li,CO, which were more pro- 
nounced, as might be expected, than those 
observed with the alkaline earth oxides. We 
are of the opinion that in this series the 
species undergoing adsorption is the phenox- 
ide anion, which is polarized to varying 
degrees by the alkali and alkaline earth 
metal cations, resulting in displacements of 
the wavelength maxima. This hypothesis 
has not yet been definitely established. 

Kortiim’s findings (10) with malachite 
green o-carboxylic acid lactone have been 
explained by him on the following basis. The 
blue color of the otherwise colorless la&one 
adsorbed on the alkali metal halides is due 
to cleavage of the lactone ring resulting 
from the polarizing action of the cations 
with the formation of a zwitterion. The 
intensity of the blue color depends upon the 
position of the equilibrium attained between 
chemisorbed and physically adsorbed mole- 
cules, which in turn is a function of the 
size of the cation. In Kortiim’s system 
chemisorption arises at the interphase from 
the bond between the negative end of the 
zwitterion and the cation with the result 
that localization of the electron cloud in the 
vicinity with the carboxylate anion occurs. 
The positive charge associated with the 
malachite green cation is, however, delo- 
calized and can be distributed over the 
molecule, in contrast with our postulated 
behavior of the phenol in which localization 
takes place with the effect on the maximum 
absorption peak described above. The in- 
creased intensity of the blue color of mala- 
chite green implies displacement of the 
equilibrium in favor of chemisorption due 
to increasing polarizing action of the cation 
and an increase in concentration of the blue 

malachite green cationic species with no 
significant displacement of the absorption 
peak. 

Table 1 shows the effect of moisture and 
provides some insight into the role of this 
agent. The color change, which can be fol- 
lowed spectrally by the displacement of a 
wavelength maximum, is dependent upon 
humidity. As the temperature of the preheat 
treatment of the adsorbent increases a 
regular bathochromic shift takes place in 
the reflectance spectrum of the phenol- 
alkaline earth oxide system. These findings 
are in accord with those of Kortiim (1, 10, 
11) and support his interpretation that a 
competition for the active adsorption sites 
exists between the species undergoing ad- 
sorption and water molecules which is in 
favor of the latter. The heat treatment of 
the adsorbent before mixing with the phenol 
results in a gradual but progressive elimi- 
nation of the adsorbed water molecules. The 
phenol with the concentration of the other- 
wise favored water molecules diminished is 
more effectively and directly exposed to 
the polarizing action of the cations. The 
changes are reversible since all the sample 
mixtures prepared by preheating of the 
adsorbent upon exposure to atmospheric 
humidity changed visually, with the result 
that they resembled in appearance the “air 
dry” sample. Spectrally, the wavelength 
maxima of the samples so exposed were 
observed to undergo a hypsochromic shift. 
The wavelength maximum at equilibrium 
with the atmosphere was identical with that 
of the “air dry” sample. 

The hypsochromic shift noted above has 
been explained by Kortiim (1, 10) as being 
due to a transition from chemisorption 
(Lewis acid-base interaction) which takes 
place in the first monomolecular layer be- 
tween adsorbent and adsorbed species to 
physical adsorption resulting from van der 
Waals forces. The data (Table 1) also show 
a relation between moisture effect and size 
of cation. The effect is greatest with the 
large cations, Ba2+ and SF+, whereas the 
bathochromic shifts for Ca2+ and Mg2+ with 
increasing pretreatment temperatures up to 
1000°C are only about 8 mp. The behavior 
of beryllium oxide is anomalous. The cation 
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is an exception in the series since it exhibits 
in the moisture effect tests an unexpectedly 
large shift of about 24 rnp and otherwise 
does not conform (Table 1). The behavior 
of this alkaline earth illustrates the well- 
documented fact that due to the tiny size of 
the ion and its high charge density many 
of its properties are distinctly apart from 
its congeners. The peculiarities shown in the 
study by beryllium oxide, apart from the 
“air dry” system, lend support to the polar- 
ization concept advanced for the phenomena 
observed. 

The alkaline earth oxides, with the excep- 
tion of Be, crystallize with the rock salt 
structure. In contrast, Be0 has the 4:4 
coordinated zincblende structure in which 
each beryllium atom is coordinated tetra- 
hedrally by four oxygen atoms (16). The 
small size of the Bez+ permits accommoda- 
tion comfortably of only four O”- ions 
whereas six and possibly more can be 
accommodated around the much larger ions 
of the other metals. The beryllium ion is 
thus so shielded by the oxygen that, unlike 
the other members of the family where the 
situation is not applicable to the same ex- 
tent, it is no longer in the position to act 
effectively as a polarizer. Any bond that 
might arise between it and the polarized 
o-nitrophenol upon chemisorption at the 
interphase would be expected to be rela- 
tively weak. This is substantiated experi- 
mentally by the fact that upon exposure of 
the various alkaline earth oxide-phenol 
systems to the atmosphere, desorption ac- 
companied by sublimation of o-nitrophenol 
occurs by far the most rapidly in the beryl- 
lium oxide system, It is remarkable that, 
under the experimental conditions described 

above, adsorption of o-nitrophenol on beryl- 
lium oxide occurs at all. 
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